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ABSTRACT 

  Green synthesis of metal nanoparticles offers an eco-friendly alternative to conventional chemical 
methods, with promising applications in agriculture. However, the phytotoxicity of such nanoparticles 
(NPs), particularly silver (Ag-NPs) and zinc oxide (ZnO-NPs), remains poorly understood. This study 
investigates the green synthesis, characterization, and biological effects of Ag-NPs and ZnO-NPs 
using aqueous leaf extracts of Cassia fistula, a plant rich in phytochemicals. UV-Vis spectroscopy 
confirmed successful synthesis, revealing characteristic peaks at 479 nm (Ag-NPs) and 241 nm 
(ZnO-NPs). Energy band gaps were calculated as 2.34 eV for Ag-NPs and 4.13 eV for ZnO-NPs. To 
assess biocompatibility and phytotoxicity, the nanoparticles were tested on seed germination, root 
and shoot growth, and biomass accumulation in five crop species: Oryza sativa (rice), Brassica 
napus (canola), Raphanus sativus (radish), Solanum lycopersicum (tomato), and Ipomoea aquatica 
(water spinach). Both NPs showed concentration-dependent effects: low to moderate doses 
enhanced germination and seedling vigor, whereas higher doses delayed germination and reduced 
growth. Ag-NPs were generally more phytotoxic, particularly inhibiting root elongation. ZnO-NPs 
exhibited a biphasic response - stimulatory at lower concentrations, inhibitory at higher levels. 
Seedling biomass decreased with increasing NP concentration, with Ag-NPs causing more severe 
reductions.These findings highlight that while green-synthesized nanoparticles hold agricultural 
potential, their use must be carefully optimized to avoid phytotoxic effects. The Cassia fistula-
mediated synthesis presents a sustainable, biocompatible route for generating functional 
nanoparticles capable of influencing early plant development. 
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1. Introduction 

Nanotechnology has rapidly gained traction in agriculture 
due to its potential to enhance crop productivity, disease 
resistance, and nutrient delivery (Chand Mali et al., 2020; 
Rana et al., 2024; Zaman et al., 2025). Among the most 
widely studied nanomaterials are silver (Ag) and zinc 
oxide (ZnO) nanoparticles, which are known for their 
antimicrobial, antioxidant, and growth-modulating 
properties (Jobe et al., 2022; Mohamed et al., 2024). 
However, their unintended phytotoxic effects raise 
concerns about their safe integration into agricultural 
systems (Madanayake and Adassooriya, 2021; Muzammil 
et al., 2023).Conventional methods for synthesizing 
nanoparticles often involve toxic chemicals and energy-
intensive processes (Osman et al., 2024; Vishwanath and 

Negi, 2021). In contrast, green synthesis utilizes plant 
extracts, offering a cost-effective and environmentally 
benign alternative(Saxena et al., 2025). These biogenic 
nanoparticles are thought to be more compatible with 
living systems(Maqsood et al., 2023), yet their interactions 
with plant tissues during critical growth stages such as 
germination remain insufficiently explored. 

Seed germination and early seedling development are 
highly sensitive to environmental stresses, including 
nanoparticle exposure (Bayat et al., 2022; Rutkowski et 
al., 2024; Szőllősi et al., 2020). The degree of phytotoxicity 
can vary depending on the nanoparticle type, 
concentration, and the crop species involved (Sembada 
and Lenggoro, 2024). Previous studies suggest that Ag-
NPs tend to be more phytotoxic than ZnO-NPs due to their 
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higher reactivity and potential to disrupt cellular processes 
(Malandrakis et al., 2021). 

This study aims to assess the comparative 
biocompatibility and growth response of green-
synthesized Ag and ZnO nanoparticles on five 
economically important crops: rice, canola, radish, tomato, 
and water spinach. Specifically, the effects on seed 
germination, shoot and root length, and seedling biomass 
were evaluated under controlled conditions. 

 

2. Materials and Methods 

2.1. Experimental site 

The experiment was conducted at the post-graduate 
laboratories and Materials for Sustainable Agriculture 
(MSA) Laboratory of the Department of Agricultural 
Chemistry, Bangladesh Agricultural University, 
Mymensingh-2202. The seed germination tests were 
performed in the laboratory of the Department of 
Agricultural Chemistry, Bangladesh Agricultural 
University.  

 

2.2. Plants selected for green synthesis of metal 
nanoparticles 

For this study, native plants known for their use in the 
green synthesis of metal nanoparticles were surveyed, 
and Sonalu (Cassia fistula) was selected due to its local 
availability and rich phytochemical profile. The plant 
belongs to the Fabaceae family and is a deciduous tree 
growing 15 to 20 meters tall, thriving in medium to high 
altitude areas. It sheds its leaves in winter and produces 
new leaves in late spring before flowering, with golden-
yellow flowers blooming throughout summer. The tree has 
light green leaves with a prominent midvein, few straight 
upward-growing branches, greenish-gray bark, and 
medium-hard wood. Its fruit resembles a vegetable pod, 
initially green but turning dark brown when ripe, containing 
seeds used for propagation; locally, the fruit is sometimes 
called "monkey stick," and the tree is also known as the 
monkey stick tree. Both bark and leaves of C. fistula 
exhibit medicinal properties including antibacterial, 
antioxidant, hepatoprotective, and hypoglycemic effects, 
and have been used to treat ailments like diarrhea and 
polyuria. Phytochemical screening of Sonalu leaves 
indicates the presence of bioactive primary and secondary 
metabolites, particularly polar compounds extractable with 
water. Due to these properties, several studies have 
successfully synthesized metallic nanoparticles using 
aqueous extracts of C. fistula leaves, making it a suitable 
candidate for green nanoparticle synthesis in this 
research. 

 

2.3. Chemicals and reagents 

Silver nitrate (AgNO3) Extra pure and zinc acetate 
dehydrate (Zn(CH3COO)2·2H2O).Extra pure were 
purchased from www.researchlab.in. All other chemicals 
used were of analytical grade and high purity and were 
procured from reputed firms. 

 

2.4. Collection of plant material  

Leaves of C. fistula were collected from different farm area 
of Bangladesh Agricultural University campus, 
Mymensingh. 

 

2.5. Preparation of leaf extract 

To prepare leaf extract, fresh leaves of selected plants 
were thoroughly washed with tap water followed by 
distilled water to remove any contamination or dust or 
unwanted particles that could interfere with the adhesion 
of Ag+ and Zn2+ ions during the synthesis process. About 
200 g of leaves were chopped into small pieces and 
combined with 500 mL of deionized water. After fine 
blending in an electric blender, the mixture was heated at 
70°C for 30minutes to release intracellular material into 
the solution. The mixture was then cooled and filtered 
through Whatman No. 1 filter paper. The resulting filtrate 
was stored at 4°C before being used in the green 
synthesis of silver and zinc oxide nanoparticles. 

 

2.6. Green synthesis of silver and zinc oxide 
nanoparticles using Cassia fistula leaf extract 

Silver and zinc oxide nanoparticles were synthesized via 
green chemistry approaches’ using aqueous leaf extracts 
of C. fistula as natural reducing, capping, and stabilizing 
agents, following methods adapted from Faisal et al. 
(2021). 

 

2.6.1. Synthesis of silver nanoparticles (Ag-NPs) 

A 0.1 M solution of extra pure silver nitrate (AgNO3) was 
prepared using deionized water. For the synthesis of silver 
nanoparticles, 90 mL of the AgNO3 solution was mixed 
with 10 mL of C. fistula leaf extract in a 250 mL conical 
flask. The plant extract was added dropwise using a 
burette under constant stirring (150 rpm) on a magnetic 
stirrer, and the mixture was incubated at 70 °C for 1 hour. 
A visible color change from colorless to light yellow and 
eventually to brown indicated the reduction of Ag⁺ ions to 
elemental silver (Ag⁰), confirming the formation of silver 
nanoparticles (Fig.1). To prevent photo-activation, the 
reaction mixture was stored in a dark chamber at room 
temperature. The synthesized nanoparticles were purified 
by centrifugation at 4000 rpm for 30 minutes, washed 
thrice with deionized water to remove residual impurities, 
and stored at 4 °C for further characterization. 

 

2.6.2. Synthesis of zinc oxide nanoparticles (ZnO-
NPs) 

Zinc oxide nanoparticles were synthesized using a similar 
protocol. A 0.01 M solution of zinc acetate dihydrate 
[Zn(CH3COO)3·2H2O] was prepared in deionized water. 
For each synthesis, 90 mL of the zinc acetate solution was 
combined with 10 mL of C. fistula leaf extract in a 250 mL 
conical flask.  
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The plant extract was added dropwise while stirring 
continuously at 150 rpm and incubated at 70 °C for 1 hour, 
following the method described by Naseer et al. (2020). A 
gradual color change from colorless to off-white or light 
brown, accompanied by the formation of a white 
precipitate, indicated the bio-reduction of zinc ions and the 
formation of ZnO nanoparticles (Fig.1). The supernatant 
was carefully decanted, and the precipitated nanoparticles 
were transferred into 15 mL centrifuge tubes. The samples 
were washed three times with deionized water by 
centrifugation at 4000 rpm for 30 minutes to ensure purity. 
The purified ZnO-NPs were stored at 4 °C for further 
analysis. 

 

 

Figure 1. Colour change indicating formation of 
nanoparticles 

 

2.7. Characterization of Ag-NPs and ZnO-NPs by UV-
visible spectral analysis and scanning electron 
microscopy (SEM) 

Green synthesized Ag-NPs and ZnO-NPs were 
characterized by UV-Vis spectroscopy and SEM. UV–vis 
spectra were recorded to check the reduction of silver 
nitrate with selected plant leaf extract using a T60 UV-
Visible Spectrophotometer (PG Instruments) in the range 
of 300–600 and 1 nm resolution. UV–vis spectra of the 
AgNPs peak at 420 nm after 3 h incubation. UV–visible 
spectroscopy is one of the most widely used techniques 
for structural characterization of nanoparticles (Hemlata et 
al., 2020). The presence of an absorbance peak at about 
420 nm clearly indicates the formation of Ag-NPs in the 
solution due to surface plasmon resonance (SPR) 
electrons present on the nanoparticle surface. The SPR 
pattern is dependent on the characteristics of the 
individual metal particles, such as size and shape, as well 
as the dielectric properties of the medium used for 
synthesis and the inter-nanoparticle coupling interactions. 
The intensity of the SPR band increased with reaction 
time, indicating the synthesis of the AgNPs (Khlebtsov et 
al., 2005). 

The bioreduction of zinc oxide was confirmed by 
subjecting diluted aliquots of the zinc metallic NPs to T60 
UV-Visible Spectrophotometer (PG Instruments) in the 
range of 150-350 nm and 1 nm resolution (Gupta et al., 
2018; Talam et al., 2012). The deionized H2O was used 
as a reference. Energy gap or band gap was calculated 
using the following equation. 

Eg =
1239.83

𝜆𝑛𝑚
 

Where, Eg is the bulk band expressed in eV. Lambda (λ) 
is peak absorbance wavelength in nm (Naseer et al., 
2020).  

The smaller band gap will easily categorize a 
photocatalytic reaction of the nanoparticles and show 
good photocatalytic activity for the degradation of 
methylene blue dye. Because of the smaller band gap, the 
electron is easily excited from the valence band to the 
conduction band. The band gap depends on various 
factors, including the grain size, oxygen deficiency, 
surface roughness, and lattice strain (Faisal et al., 2021; 
Wang and Chang, 2016). The synthesized nanoparticles 
were subjected to Scanning Electron Microscopy (SEM) 
for further characterization.  

 

 

Figure 2. UV-visible absorption spectrum confirming 
presence of C. fistula mediated Ag-NPs (A) and 
ZnO-NPs (B) 

 

2.8. Seed germination and vegetative growth test 

The effects of synthesizedAg-NPs and ZnO-NPs on the 
seed germination and seedling growth of Rice (Oryza 
sativa) cv. BRRI dhan 29, Canola (Brassica napus) cv. 
BARI Sarisha-18, Radish (Raphanus sativus) cv. BARI 
Mula-1 (Tasakisan), Tomato (Solanum lycopersicum) cv. 
BARI Tomato-2 (Ratan), Water spinach (Ipomoea 
aquatica) cv. Gima kalmi were studied. The vegetative 
growth parameters including % seed germination, shoot 
length, root length, fresh weight of seedlings were 
evaluated (Aslani et al., 2014; Gopinath et al., 2014; 
Umavathi et al., 2021) Germination tests with 
nanoparticles solution at different concentrations were 
done on Petri dishes of 9 cm in diameter with 3-5 layers of 
tissue papers and under tissue papers a thin layer of 
sterilized cotton was placed.  

For seed germination 10 to 20 healthy seeds of each test 
crop were placed in each Petri dish on layers of tissue 
paper. Each treatment was moistened with 20 mL 
nanoparticles solution of 5 different concentrations (0, 25, 
50, 75 and 100 mg L-1). For control treatment seeds were 
moistened with 20 mL deionized water. Three replicates 
of each treatment were used in these experiments and 
arranged under a Completely Randomized Design (CRD) 
and there was total 5 treatments. The Petri dishes were 
kept on a table at room temperature (~25 °C) under 12 
hours light condition provided with white LED lights. Each 
day, 5 mL deionized water was added in each Petri dish. 
The number of seeds that had germinated was recorded 
on 3, 7 and 14 days after seed sowing.  
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Seeds were considered to have germinated when the 
emerging radical was at least 2 mm long. The germination 
test was continued up to 14 days after seed sowing (DAS) 
and per cent germination was calculated. The shoot 
length, root length and fresh weight of seedling were taken 
after completion of the germination test. 

 

2.9. Statistical analysis 

Data were analyzed in a grouped analysis by ANOVA 
using GraphPad Prism software followed by Tukey's post 
hoc test to determine significant differences among 
treatments at p < 0.05. 

 

3. Results and Discussion 

3.1. Characterization of synthesized Ag-NPs and 
ZnO-NPs  

Adding aqueous leaf extract of C. fistula in silver nitrate 
solution, leads to physio-chemical changes in the mixture. 
The most prominent of which is change in the colour of the 
reaction mixture that can be observed within few minutes. 
This was considered as an initial signature to formation of 
NPs. In present study, change of color from green to light 
yellow brown indicated the formation of Ag-NPs with leaf 
extracts of C. fistula. Flavonoides and phenolic 
compounds are thought to be responsible for Ag ions to 
Ag-NPs (Jain and Mehata, 2017). In a period of few hours, 
the colour of the solution stopped changing further 
suggesting the complete bioreduction of Ag salt into NPs. 
A clear illustration of change in color of the reaction 
mixtures due to formation of Ag NPs has been shown in 
Fig. 1(A). These results were consistent with the 
previous reports of color changes in plant based synthesis 
of Ag-NPs (Jain and Mehata, 2017; Saware and 
Venkataraman, 2014). Temperature is considered an 
important contributing factor in synthesis of good sized 
nanoparticles. It is also well established that higher the 
temperature of reaction processes of NPs synthesis, the 
smaller the size of the NPs (Jain and Mehata, 2017; 
Saware and Venkataraman, 2014). Therefore, we use a 
relatively higher temperature of 70 °C for incubating the 
reactants that leads to the production of very small sized 
Ag-NPs. The synthesis of Ag-NPs was further examined 
by UV spectrophotometry. Figure 2 shows the UV peaks 
recorded by the spectrophotometer. The maximum 
absorption peak for Ag-NPs synthesized via C. fistula was 
recorded at 479 nm, which further verified the formation of 
Ag-NPs (Fig. 2A). The energy gap for synthesized Ag-NPs 
was 2.34 eV which was supported by previous report on 
Ag-NPs  energy gap 2.51 eV (Aziz et al., 2018). 

Adding aqueous leaf extract of C. fistula in zinc acetate 
dihydrate solutionleads to physio-chemical changes in the 
mixture. The most prominent of which is change in the 
colour of the reaction mixture that can be observed within 
few minutes. This was considered as an initial signature to 
formation of NPs. In present study, change of color from 
green to light yellow brown indicated the formation of ZnO-
NPs in leaf extracts of C. fistula. Flavonoides and phenolic 
compounds are thought to be responsible for Zn ions to 
ZnO-NPs (Jain and Mehata, 2017). In a period of few 
hours, the colour of the solution stopped changing further 
suggesting the complete bioreduction of Zn salt into NPs. 

A clear illustration of change in color of the reaction 
mixtures due to formation of ZnO-NPs has been shown in 
Fig.1. These results were consistent with the previous 
reports of color changes in plant based synthesis of ZnO-
NPs (Rajiv et al., 2013). Temperature is considered an 
important contributing factor in synthesis of good sized 
nanoparticles. It is also well established that higher the 
temperature of reaction processes of NPs synthesis, the 
smaller the size of the NPs (Jain and Mehata, 2017; 
Saware and Venkataraman, 2014). Therefore, we use a 
relatively higher temperature of 70 °C for incubating the 
reactants that leads to the production of very small sized 
ZnO-NPs. The synthesis of ZnO-NPs was further 
examined by UV spectrophotometry. Fig.2(B) shows the 
UV peaks recorded by the spectrophotometer. The 
maximum absorption peak for ZnO-NPs synthesized via 
C. fistula was recorded at 241 nm that further verified the 
formation of ZnO-NPs (Fig.2B). Firstly, these results 
satisfy standard ZnO absorption pattern because all oxide 
materials have wide band gaps and tend to have shorter 
wavelengths.  

 

 

 

Figure 3. SEM micrographs of green-synthesized (A) 
silver (Ag-NPs) and (B) zinc oxide (ZnO-NPs) 
nanoparticles 

 

The energy gap for synthesized ZnO-NPs was found 4.13 
which were supported by previous report on ZnO-NPs 
energy gap for ranged from 4.27–3.87 eV (Brus, 1986; 
Naseer et al., 2020).  

  

(A) 

(B) 
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Moreover, if the material is of nanoscale, it tends to have 
further shorter wavelengths. This notion support the 
results observed for ZnO-NPs here (Naseer et al., 2020; 
Zhang et al., 2002). The SEM micrographs of green-
synthesized silver (Ag-NPs)(Fig. 3A) and zinc oxide (ZnO-
NPs) nanoparticles(Fig. 3B) further characterized the 
synthesized nanoparticles. 

 

3.2. Effect of green synthesized Ag-NPs and ZnO-
NPs on seed germination 

Seed germination is a critical stage in the life history of 
individual plants. Effect of different concentration of green 
synthesized Ag-NPs and ZnO-NPs on germination of 
seeds and early seedling growth were recorded and 
analyzed.The effect of C. fistula-mediated green-
synthesized silver nanoparticles (AgNPs) on seed 
germination of Oryza sativa cv. BRRI dhan29 was 
evaluated across varying concentrations (0, 25, 50, 75, 
and 100 mg L-1) over a 14-day period. No germination was 
observed in any treatment at 0 days after sowing (DAS). 
By 3 DAS, seeds treated with 25 and 50 mg L-1 AgNPs 
exhibited higher germination percentages (50%) than the 
control (40%), indicating a slight stimulatory effect at lower 
concentrations. At 7 DAS, the highest germination rate 
(80%) was recorded at 25 mg L-1, closely followed by 50 
mg L-1 (70%). However, the 75 mg L-1 treatment showed a 
reduced germination rate (60%), suggesting possible 
inhibitory effects at this intermediate concentration (Fig. 4 
A). By 10 DAS, a significant increase was observed in the 
100 mg L-1 treatment, reaching a germination rate of 
100%, the highest among all treatments. In contrast, 
germination in other treatments plateaued or increased 
modestly, with the control reaching 86.7%, and the 25 and 
50 mg L-1treatments achieving 73.3% and 80%, 
respectively. The 75 mg L-1treatment remained relatively 
low at 70%. This trend persisted through 14 DAS, 
confirming that the 100 mg L-1AgNP treatment significantly 
enhanced seed germination compared to the control and 
other concentrations (Fig. 4 A). 

These results suggest a concentration-dependent 
response of rice seeds to AgNP exposure. While lower 
concentrations (25–50 mg L-1) stimulated early 
germination, they did not result in the highest final 
germination percentages. In contrast, the highest 
concentration (100 mg L-1) exhibited a delayed yet 
substantial enhancement in germination, potentially due to 
increased metabolic activity or bioavailability of 
nanoparticles over time. The reduced germination at 75 
mg L-1may reflect a threshold above which AgNPs begin 
to exhibit phytotoxic effects. These findings highlight the 
potential of green-synthesized silver nanoparticles to 
enhance seed germination, particularly at higher 
concentrations, though proper dosage is essential to avoid 
negative outcomes. Similarly, the effect of Cassia fistula-
mediated green-synthesized zinc oxide (ZnO) 
nanoparticles was assessed at the same concentration 
range (0, 25, 50, 75, and 100 mg L-1). No germination 
occurred at 0 DAS in any treatment. By 3 DAS, both the 
control and 25 mg L-1ZnO treatments showed the highest 
early germination rates (40%), while the 50 and 75 mg L-

1treatments were slightly lower (30%). Notably, no 
germination was observed at this time in the 100 mg L-

1treatment, indicating a delayed germination response at 
high ZnO concentrations (Fig. 4 F). A sharp increase in 

germination was observed by 7 DAS in the 25 mg L-1 
treatment, reaching 100%, significantly outperforming all 
other concentrations. The control and 50 mg L⁻¹ 
treatments reached moderate germination levels (60–
70%), while the 75 mg L-1and 100 mg L-1 treatments 
lagged behind (60% and 50%, respectively). This 
highlights a strong promotive effect of 25 mg L-1 ZnO on 
early seed germination (Fig. 4 F). 

At both 10 and 14 DAS, the 25 mg L-1ZnO treatment 
maintained 100% germination, while the control, 50 mg L-

1, 75 mg L-1, and 100 mg L-1treatments all reached 
comparable final germination percentages of 80–90%. 
Although the higher concentrations eventually caught up 
to the control in terms of final germination, the delay 
observed, particularly at 100 mg L-1, suggests a transient 
inhibitory effect at higher nanoparticle concentrations. 
These findings indicate that ZnO nanoparticles also exert 
a concentration-dependent effect on seed germination. 
However, unlike AgNPs, ZnO nanoparticles were most 
effective at a lower concentration (25 mg L-1), both in 
terms of early and final germination performance. Higher 
concentrations (≥50 mg L-1) did not improve final 
germination and, in some cases, appeared to delay the 
process—likely due to stress or toxicity effects induced by 
excessive nanoparticle exposure. In contrast to the AgNP 
treatment, where the highest concentration (100 mg L-1) 
led to the most significant germination improvement, ZnO 
nanoparticles showed optimal efficacy at lower doses. 
Together, these results underscore the importance of 
optimizing both the type and concentration of 
nanoparticles used in agricultural applications. While 
green-synthesized nanoparticles offer promising potential 
for improving seed germination and early plant growth, 
their effects are not uniform and require careful evaluation 
to ensure maximum benefit without adverse outcomes. 

The influence of Cassia fistula-mediated green-
synthesized silver nanoparticles (AgNPs) on seed 
germination of Solanum lycopersicum cv. BARI Tomato-2 
was evaluated at concentrations of 0, 25, 50, 75, and 100 
mg L-1 over a 7-day period. No germination was observed 
in any treatment at 0 days after sowing (DAS), indicating 
uniform seed dormancy across treatments. By 3 DAS, a 
significant variation in germination rates was recorded. 
Seeds treated with 25 mg L-1 AgNPs exhibited the highest 
germination rate (90%), significantly surpassing the 
control (70–80%). In contrast, the 50 mg L-1treatment 
showed markedly lower germination (50%), suggesting 
potential inhibitory effects at this concentration. The 75 
mg L-1 and 100 mg L-1 treatments resulted in moderate 
germination levels (60% and 70%, respectively) (Fig. 4 b). 

By 7 DAS, no further changes in germination were 
observed, indicating that peak germination had occurred 
within the first three days. The 25 mg L-1AgNP treatment 
maintained its superior performance (90%), while the 
control remained at an average of 76.7%. The 50 mg L-1 
treatment remained the least effective, maintaining its 
earlier germination percentage (50%). Interestingly, both 
the 75 and 100 mg L-1 treatments plateaued at 70%, 
suggesting that higher AgNP concentrations were not 
severely phytotoxic but also did not confer additional 
germination benefits (Fig. 4B). These results indicate a 
concentration-dependent effect of AgNPs on tomato seed 
germination. The 25 mg L-1 treatment emerged as the 
most effective, likely due to an optimal balance between 
nanoparticle-induced physiological stimulation and 
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minimal stress. Higher concentrations, especially 50 mg L-

1, may have caused oxidative or osmotic stress, leading to 
suppressed germination. The recovery observed at 100 
mg L-1, albeit not exceeding the control, suggests a 
potential threshold effect where toxicity may decline or 
plants adapt metabolically. 

In a parallel assessment, Cassia fistula-mediated green-
synthesized zinc oxide (ZnO) nanoparticles were applied 
at the same concentrations. As with AgNPs, no 
germination was recorded at 0 DAS. By 3 DAS, seeds 
treated with 25 and 50 mg L-1ZnO nanoparticles achieved 
full germination (100%), clearly outperforming all other 
treatments. The 75 mg L-1treatment resulted in a moderate 
germination rate (80%), while the control and 100 mg L-

1treatments recorded 76.7% and 70%, respectively (Fig. 4 
G). No further changes in germination were recorded at 7 
DAS, confirming that the maximum germination potential 
was reached early. The 25 and 50 mg L-1treatments 
consistently maintained 100% germination, indicating 
strong and immediate positive effects on seed 
performance. The 75 and 100 mg L-1treatments settled at 
80%, with the 100 mg L-1treatment showing slight 
improvement over the initial 3 DAS data. The control 
remained stable at 76.7%. These findings highlight that 
ZnO nanoparticles also produce a concentration-
dependent germination response. However, unlike 
AgNPs, the ZnO nanoparticles exhibited no evidence of 
suppression at 50 mg L-1, instead showing optimal 
enhancement at both 25 and 50 mg L-1. The reduced 
performance at 75 and 100 mg L-1may reflect mild 
nanoparticle-induced stress, though not to the extent 
observed with AgNPs at comparable concentrations. 

Both nanoparticle types demonstrated the potential to 
improve tomato seed germination, but with differing 
optimal concentrations. AgNPs were most effective at 25 
mg L-1, while ZnO-NPs were equally effective at both 25 
and 50 mg L-1. The findings emphasize the importance of 
selecting appropriate nanoparticle types and 
concentrations to maximize benefits while minimizing 
possible negative effects. These results support the 
potential application of green-synthesized nanoparticles, 
particularly in seed priming, to enhance early germination 
and promote uniform seedling emergence in tomato 
cultivation. 

The effect of C. fistula-mediated green-synthesized silver 
nanoparticles (AgNPs) on seed germination of Brassica 
napus cv. BARI Sarisha-18 was studied at five 
concentrations: 0, 25, 50, 75, and 100 mg L-1 over a 7-day 
period. No germination was recorded at 0 days after 
sowing (DAS), confirming uniform seed dormancy prior to 
treatment. By 3 DAS, germination rates varied 
substantially across treatments. Seeds treated with 100 
mg L-1 AgNPs exhibited the highest germination (100%), 
significantly outperforming the control (average 56.7%). 
Treatments with 25 mg L-1 and 50 mg L-1 showed 
moderate germination (70% and 75%, respectively), while 
the 75 mg L-1 treatment showed slightly reduced 
germination (65%) (Fig. 4 C). 

At 7 DAS, germination percentages increased modestly in 
most treatments. The 100 mg L-1treatment maintained 
complete germination (100%), while the 25 and 50 mg L-1 
treatments improved to 85% and 80%, respectively. The 
75 mg L-1 treatment reached 75%, comparable to the best-
performing replicate of the control. However, the control 

group remained variable, with germination ranging from 
55% to 75%, indicating inconsistent performance in the 
absence of AgNP treatment (Fig. 4 C). These findings 
indicate a dose-dependent effect of AgNPs on Canola 
seed germination. The highest concentration (100 mg L-1) 
consistently yielded the most rapid and complete 
germination, suggesting that B. napus can tolerate and 
potentially benefit from relatively high AgNP exposure. 
Moderate doses (25–50 mg L-1) also improved 
germination compared to the control but to a lesser extent. 
The variability and lower performance in the control group 
may be attributed to the lack of nanoparticle-induced 
enhancements, such as improved water uptake, metabolic 
stimulation, or antimicrobial protection. The results 
suggest that green-synthesized AgNPs - particularly at 
100 mg L-1 - can significantly improve seed germination in 
Brassica napus, supporting their potential use in seed 
priming to enhance crop establishment and early seedling 
vigor. 

The effect of C. fistula-mediated green-synthesized zinc 
oxide (ZnO) nanoparticles was also evaluated on B. napus 
seed germination using the same concentration range (0 
- 100 mg L-1). As with AgNPs, no germination was 
observed at 0 DAS, confirming initial dormancy. By 3 DAS, 
clear differences emerged among treatments. The 50 
mg L-1 ZnO-NP treatment resulted in complete 
germination (100%), followed by the 25 mg L-1 treatment 
(80%) and the 100 mg L-1 treatment (70%). The 75 mg L-1 
treatment produced moderate germination (65%), while 
the control group showed the lowest and most variable 
performance (40% - 70%; average ~56.7%) (Fig. 4 H). 

At 7 DAS, the 50 mg L-1 treatment retained 100% 
germination, reinforcing its superior effect. The 25 mg L-

1treatment remained steady at 80%, while both 75 and 100 
mg L-1 treatments reached 75% and 70%, respectively. 
The control group showed limited improvement, ranging 
from 55% to 75%. These results further underscore a 
dose-dependent response to ZnO-NPs, with 50 mg L-1 
identified as the optimal concentration for stimulating rapid 
and complete germination. This enhancement is likely due 
to ZnO’s role in facilitating water absorption, activating 
germination enzymes, and promoting early metabolic 
processes. While higher concentrations (75–100 mg L-1) 
did not significantly inhibit germination, they did not offer 
additional benefits and may introduce mild stress or 
metabolic delays. 

Green-synthesized ZnO nanoparticles significantly 
improved seed germination in Brassica napus, particularly 
at 50 mg L-1. The findings support the application of ZnO-
NP seed priming as an eco-friendly and effective method 
to improve seed germination uniformity and early crop 
establishment, provided that nanoparticle concentrations 
are optimized to avoid inhibitory effects. The influence of 
C. fistula-mediated green-synthesized silver nanoparticles 
(AgNPs) on the seed germination of Raphanus sativus cv. 
BARI Mula-1 was assessed at concentrations of 0, 25, 50, 
75, and 100 mg L-1over a 7-day period. No germination 
occurred at 0 days after sowing (DAS), confirming uniform 
dormancy across treatments. By 3 DAS, germination rates 
exhibited considerable variation among treatments. The 
control group showed high variability, with two replicates 
achieving 100% germination and one at 60%, averaging 
86.7%. The 25 mg L-1AgNP treatment produced 
consistent germination (80%), outperforming the higher 
AgNP concentrations -50 and 75 mg L-1 (each at 70%) - 
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while the 100 mg L-1treatment showed the lowest 
germination (60%), suggesting potential phytotoxicity at 
this level (Fig. 4 D). 

At 7 DAS, germination increased slightly in the 25 mg L-1 
treatment (reaching 90%), while the 50, 75, and 100 mg L-

1 treatments remained unchanged. The control group 
continued to display inconsistency, with some replicates 
improving to 90%, and others decreasing, averaging 
around 80%. This inconsistency contrasted with the stable 
performance observed in the 25 mg L-1 AgNP treatment. 
These findings highlight a concentration-dependent 
response to AgNPs in radish seed germination. The 25 
mg L-1 concentration was the most effective, enhancing 
both the rate and uniformity of germination, likely due to 
improved physiological activation without inducing stress. 
In contrast, higher concentrations (50–100 mg L-1) did not 
provide additional benefits and may have inhibited 
germination due to nanoparticle-induced oxidative or 
osmotic stress. 

The effect of C. fistula-mediated green-synthesized zinc 
oxide nanoparticles (ZnO-NPs) was also investigated 
under the same conditions. As with AgNPs, no 
germination was observed at 0 DAS. By 3 DAS, a rapid 
increase in germination was observed in all ZnO-NP 
treatments. Both the 50 and 75 mg L-1treatments achieved 
100% germination, while the 25 mg L-1 treatment followed 
closely at 90%. The control group exhibited variability 
similar to that of the AgNP control, with a mean 
germination rate of 86.7%. The 100 mg L-1 treatment 
resulted in a comparatively lower germination rate of 70%, 
again indicating potential negative effects at higher 
nanoparticle levels (Fig. 4 I). 

By 7 DAS, the germination rates remained stable, with the 
50 and 75 mg L-1 treatments maintaining 100% 
germination. The 25 mg L-1 treatment also showed 
sustained performance at 90%, while the 100 mg L-1 
treatment showed no improvement, remaining at 70%. 
Control replicates continued to vary, averaging around 
80%. These results demonstrate that ZnO-NPs have a 
strong positive influence on seed germination at moderate 
concentrations, particularly 50–75 mg L-1. These effects 
may be due to ZnO-NPs enhancing water uptake, 
enzymatic activity, and metabolic processes essential for 
germination. However, at 100 mg L-1, the benefits 
diminished, likely due to stress-induced physiological 
disruption. Both AgNPs and ZnO-NPs showed potential to 
enhance seed germination in Raphanus sativus, with 
ZnO-NPs at 50–75 mg L-1 being the most effective. AgNPs 
at 25 mg L-1also improved germination consistency, but 
higher concentrations appeared less beneficial or mildly 
inhibitory. These findings support the use of green-
synthesized nanoparticles as seed priming agents, 
provided concentrations are carefully optimized to avoid 
phytotoxic effects. 

The application of C. fistula-mediated green-synthesized 
silver (AgNPs) and zinc oxide (ZnO-NPs) nanoparticles 
significantly influenced the seed germination of Ipomoea 
aquatica (Gima Kalmi), particularly at lower 
concentrations. Both nanoparticle types demonstrated 
their peak stimulatory effects at 25 and 50 mg L-1, 
achieving 100% germination by 3 days after sowing 
(DAS), outperforming or matching the control (90–100%). 
These results suggest that both AgNPs and ZnO-NPs can 
accelerate and synchronize germination effectively at 

moderate concentrations. In contrast, the 75 mg L-1AgNP 
treatment resulted in reduced germination (80%), 
indicating a potential threshold beyond which AgNPs may 
induce mild inhibitory effects. The ZnO-NP treatments at 
75 and 100 mg L-1 maintained high germination rates 
(90%), similar to the control, without noticeable 
inhibition—though they did not provide further 
enhancement compared to the 25–50 mg L-1 range. 

By 7 DAS, germination rates remained unchanged, 
confirming that peak germination occurred early and 
consistently in all nanoparticle-treated seeds, especially at 
the optimal concentrations. These patterns suggest that 
both nanoparticles promote early metabolic activation, 
possibly through improved water uptake, enhanced 
enzymatic activity, or antimicrobial protection at the seed 
surface. While both AgNPs and ZnO-NPs were effective 
in enhancing seed germination, ZnO-NPs showed slightly 
more consistent performance across all tested 
concentrations, whereas AgNPs showed a mild decline at 
the intermediate level (75 mg L-1). Thus, 25–50 mg L-1 is 
the optimal rangefor both nanoparticle types, supporting 
their application in seed priming for fast and uniform 
germination in leafy vegetables like Gima Kalmi. 

 

3.3. Effect of green synthesized Ag-NPs and ZnO-
NPs on seedling length 

The application of C. fistula-mediated green-synthesized 
silver nanoparticles (AgNPs) significantly influenced the 
root length of rice seedlings (Oryza sativa cv. BRRI 
dhan29), exhibiting a clear concentration-dependent 
inhibitory effect. The control group, which received no 
nanoparticle treatment, recorded the greatest root 
elongation with an average length of 4.1 cm. In contrast, 
all AgNP-treated groups demonstrated progressively 
reduced root growth, with mean lengths decreasing from 
2.13 cm at 25 mg L-1to 1.07 cm at 50 mg L-1, 1.23 cm at 75 
mg L-1, and 0.93 cm at 100 mg L-1. Despite earlier findings 
showing AgNPs can promote seed germination at certain 
concentrations, their impact on root development 
remained consistently negative. This discrepancy 
suggests that while AgNPs may stimulate initial 
germinative physiology, they concurrently induce 
oxidative stress or disrupt hormonal signaling pathways 
essential for root elongation. The inhibition observed at 
higher concentrations likely results from the cytotoxic 
effects of silver ions, which may impair nutrient absorption 
or cause cellular damage. These findings underscore the 
importance of carefully optimizing AgNP dosages to 
maximize germination benefits while safeguarding critical 
post-germination growth processes, such as root 
development (Fig. 5A). Similarly, shoot length was also 
significantly influenced by AgNP exposure, though it 
followed a more complex and non-linear pattern. 

The untreated control group achieved the greatest shoot 
growth, ranging from 5.3 to 9.5 cm with an average of 
approximately 7.4 cm. In contrast, AgNP-treated groups 
generally exhibited reduced shoot lengths, though with 
some variation across concentrations. At 25 mg L⁻¹, shoot 
length averaged 5.23 cm; at 50 mg L-1, values ranged from 
4.2 to 5.0 cm. Interestingly, the 75 mg L-1treatment 
showed a slight improvement (~5.5 cm average), possibly 
reflecting a hormetic or adaptive response. 
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Figure 4. Seed germination (%) of Oryza sativa cv. BRRI dhan29 (rice, A and F), Solanum lycopersicum cv. BARI 
Tomato-2 (tomato, B and G), Brassica napus cv. BARI Sarisha-18 (canola, C and H), Raphanus sativus cv. 
BARI Mula-1 (radish, D and I), and Ipomoea aquati 
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At 100 mg L-1, shoot lengths ranged from 5.3 to 6.2 cm, 
averaging 5.77 cm—still lower than the control but 
showing less inhibition than lower concentrations (Fig. 5 
A). These patterns indicate that AgNPs may induce early 
oxidative stress or disrupt elongation-related hormonal 
pathways at sub-optimal concentrations. The mild 
recovery at higher concentrations could be due to plant 
acclimation or activation of internal defense mechanisms. 
Nevertheless, shoot growth remained consistently lower 
than control levels, highlighting the delicate balance 
needed in nanoparticle application to promote seedling 
vigor without hindering above-ground development. 

The effect of C. fistula-mediated green-synthesized zinc 
oxide nanoparticles (ZnO-NPs) on root development also 
showed a concentration-sensitive response. The control 
group exhibited relatively greater root lengths (1.5–3.3 cm, 
average 2.13 cm), while the 25 mg L-1ZnO-NP treatment 
maintained similar performance (mean ~1.9 cm), 
suggesting a minimal positive effect. However, root length 
declined sharply with increasing concentrations: to 0.93 
cm at 50 mg L-1and 0.6 cm at 75 mg L-1, with one replicate 
showing severe inhibition (0.2 cm). At 100 mg L-1, root 
elongation remained inconsistent (0.6–2.0 cm), but 
generally suppressed compared to the control (Fig. 5 F). 
These results indicate that while low doses of ZnO-NPs 
may have a neutral or slightly promotive influence, higher 
concentrations can exert phytotoxic effects—likely 
through oxidative stress, metal ion toxicity, or disruption of 
root cell proliferation and elongation. Thus, ZnO-NPs, like 
AgNPs, require precise dosage control to avoid 
detrimental outcomes in early seedling development. 

Shoot length responses to ZnO-NP treatment followed a 
similarly concentration-sensitive trend. The control group 
recorded the longest shoot lengths (5.3–9.5 cm, average 
~7.4 cm). At 25 mg L-1, results were mixed, with one 
replicate achieving 9.3 cm while others dropped to around 
4.3–4.6 cm (mean ~6.1 cm). Higher concentrations led to 
a clear decline: the 50 mg L-1 treatment averaged ~4.63 
cm, while the 75 mg L-1and 100 mg L-1treatments showed 
further reductions to ~3.5 cm and ~3.9 cm, respectively 
(Fig. 6F). This declining trend with increasing ZnO levels 
highlights a dose-dependent inhibitory effect on shoot 
elongation. The occasional outlier at 25 mg L-1may reflect 
experimental variability or individual seedling tolerance. 
Overall, the results suggest that while ZnO-NPs can 
support seed germination, their overuse may hinder shoot 
development due to stress responses, interference with 
water and nutrient uptake, or hormonal imbalance. This 
underscores the necessity of careful concentration 
management in nanoparticle-based agricultural 
applications, ensuring enhanced germination without 
compromising post-emergence growth, especially shoot 
elongation critical for early photosynthetic activity and crop 
establishment. 

The application of C. fistula-mediated green-synthesized 
silver nanoparticles (AgNPs) significantly impacted the 
root development of Solanum lycopersicum cv. BARI 
Tomato-2, exhibiting a pronounced concentration-
dependent inhibitory effect. The control group (0 mg L-1) 
displayed the most vigorous root growth, with lengths 
ranging from 5.5 to 7.5 cm and a mean of 6.83 cm, 
indicating optimal root elongation in the absence of 
nanoparticle interference. However, exposure to AgNPs 
led to a sharp decline in root length. At 25 mg L-1, the 
average root length dropped dramatically to approximately 

1.1 cm, suggesting early phytotoxic effects even at low 
concentrations. A modest recovery was observed at 50 
mg L-1 (mean ~2.43 cm), but the values remained 
significantly lower than the control. A further reduction 
occurred at 75 mg L⁻¹ (mean ~1.43 cm), and while a slight 
increase was noted at 100 mg L-1 (mean ~2.0 cm), root 
elongation never approached control levels (Fig. 5B). This 
pattern highlights the high sensitivity of tomato roots to 
AgNP exposure. The drastic inhibition at 25 mg L-

1suggests that AgNPs may interfere with root cell division 
or elongation by inducing oxidative stress, disrupting auxin 
transport, or releasing phytotoxic silver ions. Although the 
partial recovery at higher concentrations could suggest 
physiological adaptation or activation of defense 
mechanisms, root development remained substantially 
impaired. These findings underscore the need for careful 
calibration of AgNP dosage in tomato cultivation, as both 
sub-lethal and excessive concentrations can compromise 
early root architecture, essential for water and nutrient 
uptake. 

Shoot development was similarly affected by AgNP 
treatment, with Solanum lycopersicum seedlings showing 
a consistent decline in shoot elongation as nanoparticle 
concentration increased. The control group exhibited the 
highest shoot lengths (2.0–2.5 cm; mean ~2.17 cm). At 25 
mg L-1, shoot growth remained comparable (mean ~2.0 
cm), suggesting a threshold effect where minor exposure 
does not trigger stress responses. However, at 50 mg L-1, 
mean shoot length declined to ~1.5 cm, and both 75 and 
100 mg L⁻¹ treatments showed further suppression, with 
average values around 1.17 cm (Fig. 6B).This consistent 
decrease indicates a dose-dependent phytotoxic effect 
likely stemming from oxidative stress, hormonal 
imbalances (particularly involving auxins or gibberellins), 
or impaired vascular function. The alignment between root 
and shoot responses confirms that tomato seedlings are 
particularly vulnerable to silver nanoparticle exposure 
during early development. Although AgNPs may offer 
benefits for pathogen control or germination in other 
systems, their detrimental impact on subsequent seedling 
growth in tomato highlights the importance of crop-specific 
nanoparticle assessment. 

In contrast, the effect of Cassia fistula-mediated green-
synthesized zinc oxide nanoparticles (ZnO-NPs) on 
tomato root length revealed a more variable, yet still 
largely inhibitory, response. The control group once again 
exhibited superior root elongation (5.5–7.5 cm; mean 
~6.83 cm). At 25 mg L-1, root lengths ranged from 2.0 to 
4.0 cm (mean ~2.83 cm), indicating a substantial 
reduction. Similar results were observed at 50 mg L-

1(mean ~2.77 cm), although variability was slightly higher. 
A noteworthy anomaly occurred at 75 mg L-1, where one 
replicate reached 6.8 cm—approaching control levels—
raising the possibility of hormesis or experimental 
variability. Despite this, the average root length remained 
lower (mean ~4.1 cm), and at 100 mg L-1, consistent 
suppression was observed (2.0–2.5 cm; mean ~2.33 cm) 
(Fig. 5G). These observations suggest that while ZnO-
NPs may not be as severely phytotoxic as AgNPs at 
equivalent concentrations, they still induce stress 
responses that hinder root elongation. The reduction is 
likely due to ZnO-NP-induced oxidative stress, 
interference with cellular expansion, or nanoparticle 
aggregation around root surfaces, limiting nutrient and 
water absorption. The variable response at intermediate 
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concentrations further emphasizes the need for precision 
in dosing. 

Shoot length under ZnO-NP treatment was less affected, 
showing only subtle differences across concentrations. 
The control group maintained the highest mean shoot 
length (~2.17 cm), with 25 mg L-1 producing comparable 
results. A slight, non-significant increase occurred at 50 
mg L-1(mean ~2.33 cm), and 75 mg L-1 showed a modest 
uptick with one outlier reaching 2.8 cm (mean ~2.27 cm). 
However, at 100 mg L-1, shoot growth declined slightly 
again (mean ~2.0 cm) (Fig. 6G). These mild fluctuations 
suggest that ZnO-NPs, unlike AgNPs, do not drastically 
inhibit shoot development in tomato, at least within the 
tested concentration range. Nevertheless, the absence of 
notable improvement beyond control levels indicates 
limited benefit for shoot elongation, even at optimized 
doses. 

The results demonstrate that both AgNPs and ZnO-NPs 
affect tomato seedling development in a concentration-
dependent manner, with roots being more sensitive than 
shoots. Silver nanoparticles exhibited stronger phytotoxic 
effects, particularly at lower doses, whereas zinc oxide 
nanoparticles caused milder, yet still notable, growth 
inhibition at higher concentrations. These findings 
emphasize the need for species-specific and 
development-stage-specific guidelines when applying 
green-synthesized nanoparticles in agriculture. While 
nanoparticle priming may enhance germination in some 
contexts, careful calibration is essential to prevent 
adverse effects on early vegetative growth—especially in 
sensitive crops like tomato. 

The study evaluated the impact of C. fistula-mediated 
green-synthesized silver (Ag) and zinc oxide (ZnO) 
nanoparticles on the root and shoot growth of Brassica 
napus cv. BARI Sarisha-18 seedlings. Results revealed 
concentration-dependent and nanoparticle-specific 
effects on both root and shoot development. For Ag 
nanoparticles, root length exhibited variable responses. 
The control group (0 mg L-1) had the highest mean root 
length (6.23 cm), closely followed by 50 mg L-1(6.10 cm), 
indicating minimal inhibition at moderate concentrations. 
In contrast, root length significantly declined at 75 mg L-

1(4.53 cm) and 100 mg L-1(3.30 cm), suggesting a dose-
dependent phytotoxic effect. Interestingly, the 25 mg L-

1group displayed high variability, with one replicate 
reaching 12 cm, potentially due to experimental variation 
or uneven nanoparticle uptake (Fig. 5C). Shoot growth 
under Ag NPs followed a similar pattern. While control 
seedlings averaged 2.3 cm, a slight increase was noted at 
25 mg L-1(2.5 cm), suggesting possible stimulation at low 
concentrations. Shoot length remained stable at 50 mg L-

1(~2.4 cm) but declined markedly at 75 mg L-1 (2.2 cm) and 
100 mg L-1 (1.4 cm), indicating that higher Ag NP 
concentrations hinder shoot elongation, likely due to 
oxidative stress or nutrient interference (Fig. 6C). 

ZnO nanoparticles, in contrast, showed a general trend of 
growth suppression with increasing concentration. Root 
length was highest in the control group (6.23 cm) and 
decreased steadily across treatments: 4.3 cm at 25 mg L-

1, 3.9 cm at 50 mg L-1, 3.7 cm at 75 mg L-1, and only 2.03 
cm at 100 mg L-1 (Fig. 5H). These results indicate a clear 
concentration-dependent inhibitory effect, likely due to 
stress on root cell division or elongation processes. Shoot 
length under ZnO exposure also demonstrated variability. 

The control group had an average of 2.3 cm, which 
declined to 2.0 cm at 25 mg L-1and further to 1.7 cm at 50 
mg L-1. A slight rebound was observed at 75 mg L-1(2.23 
cm), possibly reflecting transient tolerance or adaptive 
response, but shoot length dropped again at 100 mg L-

1(1.77 cm), indicating toxic stress at higher nanoparticle 
levels (Fig. 6H). 

Both Ag and ZnO nanoparticles influenced seedling 
development in B. napus in a dose-dependent manner. 
Lower concentrations appeared relatively safe or mildly 
beneficial, while higher concentrations led to reduced root 
and shoot growth. These findings underscore the 
importance of careful dose regulation when considering 
the use of green-synthesized nanoparticles in agricultural 
practices. The growth response of Raphanus sativus cv. 
BARI Mula-1 seedlings to C. fistula-mediated green-
synthesized silver (Ag) and zinc oxide (ZnO) nanoparticles 
revealed significant, dose-dependent effects on both root 
and shoot development. 

Root length responded variably to Ag NP exposure. The 
control group showed a moderate average root length of 
3.73 cm. A slight increase to 4.33 cm was observed at 25 
mg L-1, suggesting a mild stimulatory effect at low 
concentrations. However, root length declined at 50 mg L-

1 (mean: 2.6 cm) and further at 100 mg L-1 (mean: 2.3 cm), 
indicating phytotoxicity at elevated levels. Interestingly, 
root length at 75 mg L-1 showed wide variability (0.5–7.5 
cm), possibly due to inconsistent nanoparticle absorption 
or differential seedling sensitivity (Fig. 5D). 

Shoot growth under Ag NP treatment exhibited a stronger 
and more consistent inhibitory pattern. Control seedlings 
had the highest mean shoot length (8.57 cm), but 
exposure to even 25 mg L-1 led to a sharp decrease 
(mean: 2.13 cm), highlighting early onset of phytotoxicity. 
Though a slight recovery was noted at 50 mg L-1 (3.27 cm), 
further increases in concentration resulted in reduced 
shoot length—1.67 cm at 75 mg L-1 and 2.73 cm at 100 
mg L-1 (Fig. 6D). These findings underscore the high 
sensitivity of R. sativus shoots to Ag NPs, with potential 
mechanisms of toxicity including oxidative stress, 
impaired water/nutrient uptake, and disruption of cellular 
functions. 

In case of Zinc Oxide nanoparticles (ZnO NPs), root 
growth showed a biphasic response. While the control 
group had a mean root length of 3.73 cm, exposure to 25 
mg L-1 significantly enhanced root elongation (mean: 6.27 
cm), likely due to zinc’s known role in promoting cell 
division and enzymatic activity. However, higher 
concentrations progressively suppressed root growth: 
2.17 cm at 50 mg L-1, 0.83 cm at 75 mg L-1, and 1.07 cm 
at 100 mg L-1, with some seedlings exhibiting extreme 
reductions (as low as 0.2 cm) (Fig. 5I). This demonstrates 
that ZnO NPs promote growth only at low doses, beyond 
which toxicity dominates. Shoot growth followed a similar 
trend. Control plants averaged 8.57 cm in shoot length. At 
25 mg L-1, shoot growth remained relatively robust (mean: 
~7.0 cm), but declined steadily at higher concentrations: 
5.07 cm at 50 mg L-1, 2.17 cm at 75 mg L-1, and 3.8 cm at 
100 mg L-1 (Fig. 6I). The initial stimulatory effect likely 
results from essential micronutrient activity of zinc, while 
the suppression at higher concentrations may stem from 
nanoparticle-induced oxidative stress or hormonal 
disruption. 
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Figure 5. Seedling root length of 

Oryza sativa cv. BRRI 
dhan29 (rice, A and F), 
Solanum lycopersicum cv. 
BARI Tomato-2 (tomato, B 
and G), Brassica napus cv. 
BARI Sarisha-18 (canola, 
C and H), Raphanus 
sativus cv. BARI Mula-1 
(radish, D and I), and 
Ipomoea aquatica cv. 
Gima kalmi (water spinach, 
E and J)—as influenced by 
Cassia fistula-mediated 
green-synthesized silver 
(Ag) nanoparticles (A–E) 
and zinc oxide (ZnO) 
nanoparticles (F–J). Error 
bars represent the 
variability of data. Bars 
sharing the same letter 
(e.g., "a" vs. "a") are not 
significantly different from 
each other 
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Both Ag and ZnO nanoparticles influenced seedling 
growth in R. sativus in a dose-dependent manner. Low 
concentrations, particularly of ZnO NPs, showed growth-
promoting effects on roots and shoots, while higher 
concentrations of both nanoparticles inhibited 
development. These findings highlight the potential of 
green-synthesized nanoparticles as agricultural tools but 
also emphasize the importance of dosage control to avoid 
phytotoxicity. 

The root growth of Ipomoea aquatica cv. Gima Kalmi 
exhibited variable responses to different concentrations of 
C. fistula-mediated green-synthesized silver nanoparticles 
(Ag NPs). In the control group (0 mg L-1), root lengths 
ranged from 1.5 to 4.0 cm, with an average of 
approximately 2.67 cm. At 25 mg L⁻¹, root elongation 
increased notably, ranging from 3.5 to 6.0 cm with a mean 
of about 4.83 cm, suggesting a stimulatory effect at low Ag 
NP concentrations. However, this positive trend 
diminished at higher concentrations: root growth 
decreased significantly at 50 mg L-1 (mean ~2.0 cm) and 
further at 75 mg L-1 (mean ~1.5 cm). At 100 mg L-1, results 
were variable, with one replicate reaching 4.0 cm but an 
overall mean remaining low (~2.33 cm), indicating limited 
recovery (Fig. 5E). These results imply that while low 
levels of Ag NPs may promote root growth, higher 
concentrations are phytotoxic—likely due to oxidative 
damage, nanoparticle accumulation, or metabolic 
disruption in root tissues. This highlights the critical need 
for concentration control in agricultural nanoparticle 
applications. 

Shoot length in I. aquatica showed relatively stable and 
tolerant responses to Ag NP exposure. Control shoots 
ranged from 5.0 to 6.5 cm, averaging 5.67 cm. At 25 mg L-

1, a slight reduction to 3.83 cm mean suggested mild 
stress, but shoot length recovered at 50 mg L-1 (mean 
~5.67 cm), similar to control. At 75 mg L-1, mean shoot 
length was 4.17 cm, indicating moderate tolerance or 
adaptation, and at 100 mg L-1, shoots remained robust 
(mean ~5.0 cm) without significant phytotoxicity (Fig. 6E). 
This contrast with root sensitivity may be due to differential 
nanoparticle uptake or enhanced detoxification in aerial 
tissues. 

Root growth under Cassia fistula-mediated green-
synthesized zinc oxide (ZnO) nanoparticles exhibited a 
clear dose-dependent inhibition.Control root lengths 
averaged 2.67 cm. At 25 mg L-1, roots remained 
comparable to control (mean ~2.67 cm), but root length 
declined sharply at 50 mg L-1 (~1.67 cm), further dropping 
at 75 mg L-1 (~0.83 cm) and 100 mg L-1 (~0.67 cm) (Fig. 
5J). This progressive suppression likely stems from 
nanoparticle accumulation causing oxidative stress, 
interfering with cell division and nutrient uptake. These 
findings underscore that higher ZnO NP concentrations 
are detrimental to I. aquatica root development. In 
contrast, shoot length demonstrated relative resilience to 
ZnO nanoparticles. Control shoot length averaged 5.67 
cm. At 25 and 50 mg L-1, shoot length remained steady 
(~5.17–5.33 cm). A decline was noted at 75 mg L-1 (~3.5 
cm), suggesting some phytotoxicity, but at 100 mg L-1, 
shoot length increased again (~4.5 cm), possibly reflecting 
physiological adaptation or recovery (Fig. 6J). Overall, 
shoot tissues appear less sensitive to ZnO NPs than roots, 
likely due to differences in nanoparticle translocation or 
detoxification mechanisms. 

3.4. Effect of green synthesized Ag-NPs and ZnO-
NPs on seedling weight 

The seedling weight of Oryza sativa cv. BRRI dhan29 was 
significantly affected by varying concentrations of C. 
fistula-mediated green-synthesized silver (Ag) and zinc 
oxide (ZnO) nanoparticles. In both cases, the control 
treatment (0  mg L-1) produced the highest mean seedling 
weight (0.072 g), indicating optimal growth in the absence 
of nanoparticles (Fig. 7A and 7F). 

For silver nanoparticles, a gradual decline in seedling 
biomass was observed with increasing concentrations. At 
25  mg L-1, the mean seedling weight slightly decreased to 
0.064 g, followed by a further reduction to 0.054 g at 50  
mg L-1. Interestingly, a plateau effect occurred at higher 
concentrations: both 75  mg L-1 and 100  mg L-1 showed a 
nearly identical mean seedling weight of 0.056 g (Fig. 7A). 
This trend suggests a potential toxicity threshold beyond 
which additional nanoparticle exposure did not 
significantly worsen plant growth. The reduction in 
biomass at higher Ag nanoparticle concentrations is 
consistent with reported phytotoxic effects of metallic 
nanoparticles, potentially due to oxidative stress, 
disruption of cell membranes, or inhibition of essential 
metabolic processes. The minor rebound at higher doses 
may reflect either experimental variability or a 
physiological adaptation mechanism in the seedlings. 

In the case of ZnO nanoparticles, a similar concentration-
dependent response was evident but with more 
pronounced phytotoxicity at higher doses. At 25  mg L-1, 
the mean seedling weight slightly declined to 0.066 g, 
indicating minimal stress. However, seedling weight 
dropped more sharply at 50  mg L-1 (0.057 g) and 
dramatically decreased to 0.038 g at 75  mg L-1, 
suggesting significant growth inhibition. A slight 
improvement was noted at 100  mg L-1 (0.057 g), though 
values remained lower than the control (Fig. 7F). These 
results point to heightened sensitivity of rice seedlings to 
ZnO nanoparticles, possibly due to enhanced oxidative 
stress or nanoparticle interference with nutrient uptake 
and hormonal balance. Both types of green-synthesized 
nanoparticles negatively affected seedling weight at 
higher concentrations, with ZnO showing a more acute 
inhibitory effect compared to Ag. These findings are in line 
with existing literature on nanoparticle phytotoxicity and 
highlight the importance of dose optimization when 
considering the use of nanomaterials in agriculture. While 
low concentrations (≤25  mg L-1) showed limited impact, 
higher doses significantly reduced biomass accumulation, 
indicating the need for cautious application to avoid 
compromising early seedling development. The seedling 
weight of Solanum lycopersicum cv. BARI Tomato-2 
responded sensitively to increasing concentrations of 
Cassia fistula-mediated green-synthesized silver (Ag) and 
zinc oxide (ZnO) nanoparticles, with both treatments 
inducing a dose-dependent decline in biomass. For Ag 
nanoparticles, the control group (0  mg L-1) recorded the 
highest mean seedling weight (0.038 g), indicating optimal 
growth in nanoparticle-free conditions. At 25 mg L⁻¹, 
seedling weight dropped markedly to 0.027 g, and 
declined even further to 0.014 g at 50  mg L-1. The lowest 
mean weight was recorded at 75  mg L-1 (0.013 g), 
followed by a slight increase at 100  mg L-1 (0.017 g) (Fig. 
7B).  
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Figure 6. Seedling shoot length of 
Oryza sativa cv. BRRI 
dhan29 (rice, A and F), 
Solanum lycopersicum cv. 
BARI Tomato-2 (tomato, B 
and G), Brassica napus cv. 
BARI Sarisha-18 (canola, 
C and H), Raphanus 
sativus cv. BARI Mula-1 
(radish, D and I), and 
Ipomoea aquatica cv. 
Gima kalmi (water spinach, 
E and J)—as influenced by 
Cassia fistula-mediated 
green-synthesized silver 
(Ag) nanoparticles (A–E) 
and zinc oxide (ZnO) 
nanoparticles (F–J). Error 
bars represent the 
variability of data. Bars 
sharing the same letter 
(e.g., "a" vs. "a") are not 
significantly different from 
each other 
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This consistent downward trend highlights a strong 
phytotoxic response of tomato seedlings to Ag 
nanoparticles, likely driven by oxidative stress, membrane 
damage, or disruption of root morphology. The modest 
rebound at the highest dose may reflect a stress-adaptive 
metabolic shift or experimental variability. Similarly, ZnO 
nanoparticle treatments also resulted in a decline in 
seedling biomass. The control group maintained the 
highest average seedling weight (0.038 g), while 25  mg L-

1showed a minor reduction to 0.032 g. At 50  mg L-1, weight 
decreased more significantly to 0.023 g, but a slight 
increase was observed at 75  mg L-1 (0.027 g). Seedlings 
treated with 100  mg L-1 ZnO nanoparticles showed a final 
drop to 0.017 g. While ZnO exhibited a broadly similar 
phytotoxic pattern to Ag, the reduction in seedling weight 
appeared less abrupt at moderate concentrations. This 
suggests that ZnO nanoparticles may be comparatively 
less toxic than Ag nanoparticles, particularly in the 25–75  
mg L-1 range (Fig. 7G). 

Both nanoparticle types negatively impacted tomato 
seedling development beyond 25  mg L-1, underscoring 
their phytotoxic potential. Ag nanoparticles exhibited a 
more pronounced inhibitory effect, while ZnO 
nanoparticles showed a slightly more variable but still 
downward trend in seedling biomass. These results align 
with existing literature indicating that while green-
synthesized nanoparticles can offer agricultural benefits at 
low doses, their excessive application may suppress plant 
growth through stress-related mechanisms(Batool et al., 
2024; Kilic et al., 2025). Careful dose regulation and 
further mechanistic studies are warranted before such 
nanomaterials are adopted for widespread agronomic 
use, especially for sensitive crops like tomato. 

The seedling weight of Brassica napus cv. BARI Sarisha-
18 exhibited a non-linear, biphasic response to different 
concentrations of C. fistula-mediated green-synthesized 
silver (Ag) nanoparticles. The control treatment (0  mg L-1) 
showed an average seedling weight of 0.077 g, reflecting 
normal growth without nanoparticle stress. At 25  mg L-1, 
the seedling weight slightly decreased to 0.068 g, 
indicating mild phytotoxicity. Interestingly, an increase 
was observed at 50  mg L-1, where the mean seedling 
weight peaked at 0.089 g, suggesting a stimulatory effect 
of Ag nanoparticles at moderate concentration. At 
75 mg L⁻¹, seedling weights showed high variability 
(0.041–0.131 g), averaging 0.087 g. However, at the 
highest concentration (100  mg L-1), seedling weight 
sharply declined to 0.029 g, signifying clear phytotoxic 
effects likely due to oxidative stress, cellular toxicity, or 
inhibited nutrient uptake (Fig. 7C). 

This hormetic dose-response, characterized by growth 
promotion at moderate doses followed by toxicity at higher 
levels, is consistent with previous studies on nanoparticle–
plant interactions. It underscores the need to identify 
optimal nanoparticle concentrations to maximize benefits 
while minimizing harm in agricultural applications. In 
contrast, the seedling weight of Brassica napus was 
consistently reduced with increasing concentrations of C. 
fistula-mediated green-synthesized zinc oxide (ZnO) 
nanoparticles, showing a clear dose-dependent toxicity. 
The control group had the highest mean seedling weight 
of 0.077 g. At 25  mg L-1, the weight declined slightly to 
0.061 g, followed by a gradual decrease at 50  mg L-1 

(0.059 g) and 75  mg L-1 (0.060 g), although variability was 
observed. The most significant reduction occurred at 100  

mg L-1, where seedling weight dropped to 0.033 g, less 
than half of the control (Fig. 7H). The gradual decline with 
ZnO nanoparticles suggests oxidative stress, cellular 
damage, and interference with nutrient uptake and 
hormonal regulation as probable causes of reduced 
growth. Compared to Ag nanoparticles, ZnO nanoparticles 
showed a more consistent inhibitory effect, albeit less 
abrupt until the highest concentration. This may indicate 
better tolerance of B. napus to ZnO stress at intermediate 
levels but clear toxicity at excessive doses. These findings 
emphasize the importance of dose optimization when 
applying green-synthesized nanoparticles in crop 
management. While low to moderate doses of Ag 
nanoparticles might stimulate growth, both Ag and ZnO 
nanoparticles exhibit phytotoxicity at high concentrations, 
which could hinder seedling development and crop 
productivity. 

The seedling weight of Raphanus sativus cv. BARI Mula-
1 was significantly affected by varying concentrations of 
C. fistula-mediated green-synthesized silver (Ag) 
nanoparticles, exhibiting a clear inhibitory trend with 
increasing nanoparticle levels. The control group (0  mg L-

1) showed the highest and most variable seedling weights, 
ranging from 0.221 to 0.429 g, with an average of 
approximately 0.333 g, indicating healthy growth without 
nanoparticle-induced stress. At 25  mg L-1, seedling weight 
drastically decreased to an average of 0.067 g (range: 
0.040–0.105 g), demonstrating strong phytotoxicity even 
at low concentrations. A partial recovery was observed at 
50  mg L-1 (mean ~0.14 g), though variability persisted, 
with values between 0.077 and 0.238 g, suggesting 
inconsistent seedling responses potentially due to 
differential tolerance or nanoparticle uptake. At higher 
concentrations of 75  mg L-1 and100  mg L-1, seedling 
biomass remained suppressed, averaging approximately 
0.057 g and 0.072 g respectively, significantly lower than 
control seedlings (Fig. 7D). This sustained reduction likely 
results from oxidative stress, cellular toxicity, and 
disruption of water and nutrient uptake caused by silver 
nanoparticles. These findings highlight the high sensitivity 
of radish seedlings to Ag nanoparticles and underscore 
the need for cautious concentration management in 
agricultural applications to avoid adverse effects on 
sensitive crops. 

Similarly, the seedling weight of Raphanus sativus cv. 
BARI Mula-1 was influenced by C. fistula-mediated green-
synthesized zinc oxide (ZnO) nanoparticles, showing a 
dose-dependent decline. Control seedlings exhibited the 
highest biomass (average ~0.333 g), with values ranging 
from 0.221 to 0.429 g. At 25 mg L-1ZnO, seedling weight 
remained relatively high (mean ~0.251 g), suggesting 
minimal phytotoxic effects at low doses. However, 
biomass declined at 50  mg L-1 (~0.170 g) and decreased 
more sharply at 75  mg L-1 (~0.065 g), indicating 
progressive growth inhibition. Interestingly, at 100 mg L-1, 
a partial recovery was noted (mean ~0.126 g), although 
weights remained below control levels, possibly reflecting 
adaptive physiological responses or experimental 
variability (Fig. 7I). These results suggest that ZnO 
nanoparticles induce concentration-dependent 
phytotoxicity in radish seedlings, likely through oxidative 
stress, membrane disruption, and interference with 
nutrient uptake. Compared to Ag nanoparticles, ZnO 
appears less immediately toxic at lower concentrations but 
still adversely affects seedling growth at higher doses.  
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Figure 7. Seedling weight of Oryza 

sativa cv. BRRI dhan29 
(rice, A and F), Solanum 
lycopersicum cv. BARI 
Tomato-2 (tomato, B and 
G), Brassica napus cv. 
BARI Sarisha-18 
(canola, C and H), 
Raphanus sativus cv. 
BARI Mula-1 (radish, D 
and I), and Ipomoea 
aquatica cv. Gima kalmi 
(water spinach, E and 
J)—as influenced by 
Cassia fistula-mediated 
green-synthesized silver 
(Ag) nanoparticles (A–E) 
and zinc oxide (ZnO) 
nanoparticles (F–J). 
Error bars represent the 
variability of data. Bars 
sharing the same letter 
(e.g., "a" vs. "a") are not 
significantly different 
from each other 
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Collectively, these findings emphasize the importance of 
precise dosage control for ZnO nanoparticles to harness 
their potential benefits while minimizing risks to early 
seedling development in sensitive crops like radish. The 
seedling weight of Ipomoea aquatica cv. Gima kalmi was 
influenced by varying concentrations of C. fistula-
mediated green-synthesized silver (Ag) nanoparticles, 
exhibiting a general decline in biomass with increasing 
nanoparticle levels, although some variability was 
observed. The control group (0 mg L⁻¹) showed the 
highest and most consistent seedling weights, ranging 
from 0.105 to 0.307 g, with a mean of approximately 
0.231 g, indicating healthy growth without nanoparticle 
stress. At 25  mg L-1, seedling weight moderately 
decreased to an average of 0.206 g, suggesting mild 
phytotoxicity. Further increases to 50 mg L-1 resulted in a 
more pronounced decline, with an average of 0.159 g, 
indicating stronger growth inhibition. At 75  mg L-1, mean 
seedling weight dropped further to about 0.120 g with low 
variability, reflecting clear phytotoxic effects. Interestingly, 
at 100  mg L-1, seedling weight partially recovered to 
around 0.152 g, though still below control levels, possibly 
due to adaptive physiological responses or experimental 
variation. Overall, these results suggest a dose-
dependent inhibitory effect of Ag nanoparticles on 
seedling growth, likely driven by oxidative stress and 
cellular toxicity(Fig. 7E). 

Similarly, seedling weight was affected by C. fistula-
mediated green-synthesized zinc oxide (ZnO) 
nanoparticles, showing a variable yet generally declining 
trend with increasing concentrations. Control seedlings 
(0 mg L-1) exhibited the highest and most variable 
biomass, ranging from 0.221 to 0.429 g, with a mean of 
approximately 0.333 g. At 25 mg L-1 ZnO, seedling weight 
decreased slightly to about 0.164 g, indicating mild stress. 
At 50 mg L-1, biomass remained relatively stable (mean 
~0.168 g), suggesting moderate ZnO levels may not 
exacerbate toxicity significantly. The 75 mg L-1 treatment 
showed increased variability and a slight decline (mean 
~0.151 g), while at 100 mg L-1, seedling weight further 
decreased to a mean of approximately 0.129 g, indicating 
moderate inhibition compared to controls (Fig. 7J). The 
observed biomass reduction is likely related to ZnO 
nanoparticle-induced oxidative stress and disruption of 
cellular functions. These findings are consistent with 
previous studies reporting dose-dependent phytotoxicity 
of metal oxide nanoparticles in aquatic plants, 
underscoring the need for careful concentration 
optimization to balance potential benefits with phytotoxic 
risks. 

 

4. Conclusion 

The study successfully demonstrated the green synthesis 
of silver (Ag-NPs) and zinc oxide (ZnO-NPs) nanoparticles 
using C. fistula leaf extract and characterized their 
formation through UV-Vis spectroscopy and energy band 
gap analysis. The biological effects of these nanoparticles 
on seed germination, seedling growth, and biomass of 
various crops showed clear concentration-dependent 
responses. Optimal low to moderate nanoparticle 
concentrations enhanced seed germination and early 
growth in species such as rice, tomato, mustard, radish, 
and water spinach, while higher doses caused delayed 
germination, growth inhibition, and phytotoxicity, 

particularly with Ag-NPs. Root growth was generally more 
sensitive than shoots, and Ag-NPs exhibited stronger 
toxicity than ZnO-NPs, likely due to oxidative stress and 
ion toxicity. Seedling biomass declined dose-dependently 
under nanoparticle treatment, emphasizing that while 
green-synthesized nanoparticles have potential as growth 
enhancers, careful dosage optimization is critical to avoid 
adverse effects and maximize agricultural benefits. 
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