


Carbon Nanodots: The Secret to Stronger, Faster Chilli Seedlings

 
Abstract:
To tackle the challenges posed by nutrient deficiencies in chili cultivation, a cutting-edge laboratory experiment was conducted during the Rabi season of 2022-23 at SRTC, PJTAU, Hyderabad, exploring the potential of nutrient-doped carbon nanodots. Seventeen different treatments, incorporating varying levels of zinc (Zn), iron (Fe), copper (Cu), manganese (Mn), calcium (Ca), and boron (B) were examined to assess their impact on seed vigour, seedling dryweight and field emergence. The results indicated that iron-doped (T4) and manganese-doped (T8) treatments notably enhanced seed vigour, seedling dry weight and improved field emergence, while higher concentrations of calcium (T11) and boron (T14) were less effective, demonstrating that nutrient-doped carbon nanodots can serve as a novel solution to enhance seed vigour and field emergence, ultimately improving the quality of chili seeds.
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Introduction:
        Chili (Capsicum annuum) is a significant crop with substantial economic importance, cultivated extensively for its culinary and medicinal uses. However, its growth and productivity are often compromised by nutrient deficiencies, which can adversely affect seed quality and overall yield (Ramalho et al., 2016). India stands as the foremost producer and exporter of chillies in the world, with Andhra Pradesh contributing approximately 1,185,260 metric tons in the 2023-24 fiscal year. Telangana, another significant producer, achieved a yield of 2,021 kilograms per acre during the same period (Statista, 2024). With the increasing demand for high-quality chillies, it becomes essential to explore innovative approaches to improve seed performance and overall crop yield. One such promising solution is the use of nutrient-doped carbon nanodots (CNDs), which have shown potential in enhancing seed vigour and field emergence in various crops. 
        Micronutrients are crucial for the proper growth, development, and productivity of chilli  (Capsicum annuum) (Vimera et al., 2012). Current research has emphasized the crucial role of nutrients in enhancing various physiological processes in chili cultivation, including improving nutrient uptake, promoting enzymatic activity, and supporting chlorophyll production (Zohaib et al., 2023, Sayed et al., 2024). Deficiencies of nutrients can lead to poor growth, chlorosis, delayed flowering, and reduced fruit yield (Rajamuthuramalingam et al., 2024). Iron, for example, is important for chlorophyll synthesis and enzyme activation, and its deficiency can lead to chlorosis and poor photosynthesis (Teixeira et al., 2020). Zinc contributes to protein synthesis, enzyme activity, and hormone regulation, with its deficiency causing stunted growth and low fruit yield (Hafeez et al., 2013). Manganese plays a key role in photosynthesis and antioxidation, and its deficiency can result in leaf spot diseases and reduced photosynthetic efficiency (Graham & Webb, 2001). Supplementation with these micronutrients has been shown to improve growth parameters, promote better seedling health, and increase overall yield (Tan et al., 2023). 
        Carbon nanodots (CNDs) have become a promising material for seed enhancement due to their distinctive properties. These nanoscale carbon structures, typically measuring under 10 nanometers, are valued for their strong photoluminescent properties, water solubility, biocompatibility, and minimal toxicity (Li et al., 2012). Recently, nitrogen-doped carbon nanodots (N-FCNs) have attracted attention for their potential to improve seed performance. N-FCNs enhance the absorption and transportation of essential nutrients and water, promoting efficient movement within plants. They are also known to influence plant metabolic processes and early growth stages, making them an excellent biocompatible option for seed development (Chen et al., 2021). Researchers such as Iavicoli et al. (2017) and Mirbakhsh (2023) highlight the role of nanotechnology in tackling challenges like climate change, food scarcity, and sustainable farming, while urging more investigations into the long-term effects and safety of these nanomaterials.
        Despite the growing interest in nanotechnology for improving seed quality and crop yield, there is a noticeable gap in research regarding the application of nutrient-doped carbon nanodots (CNDs) specifically for enhancing chilli seed performance. Given the critical role of micronutrients in the growth and development of chilli plants, this study aims to fill this gap by investigating the potential of CND’S to improve seed quality, promote better growth, and ultimately increase yield, providing valuable insights for future agricultural practices.
Materials and methods: 
        This study was undertaken to assess the impact of nutrient-doped carbon nanodots on seed quality. The experiment took place from November 2022 to June 2023 at the Department of Seed Science and Technology, College of Agriculture, PJTSAU, Rajendranagar, Hyderabad, Telangana. Hybrid-5557 chilli seeds (500 grams) with a high germination rate of 86% were procured from Kaveri Seed Company Limited, Pamulaparthy, Medchal, Hyderabad, Telangana. For each treatment, 40 grams of seeds were coated and kept under cold storage conditions. The seed quality was evaluated at bi-monthly intervals throughout the 18-month storage period.
        A bio-friendly red polymer was sourced from Sairadhya Organics and Seed Technology Pvt. Ltd., Hyderabad. Nutrient-doped carbon nanodots were synthesized using formulations of zinc, iron, copper, manganese, calcium, and boron from Immunologyx Private Limited, Hyderabad. The process involved dissolving a carbon source (glucose and tartaric acid) with optional nitrogen sources, followed by hydrothermal treatment at 250–300°C. After synthesis, the product was purified through filtration, centrifugation, and dialysis. The minerals were incorporated into the carbon quantum dots (CQDs) via chemical functionalization or ligand exchange to enhance their properties for various uses.
        The chosen nutrient concentrations were based on previous studies, which suggested that levels ranging from 0.25% to 1.50% optimize seed growth and germination without causing toxicity. The polymer coating was added to enhance nutrient absorption and provide a controlled release, improving seed quality over time. This nutrient combination was selected to evaluate potential synergistic effects and identify the most effective treatments for boosting seed performance in chilli.
List 1 : The treatments are described as follows:
	T1
	:
	Zinc doped Carbon Nanodots (0.50%) @ 2.5 ml/kg seed + Polymer @ 25 ml/kg seed

	T2
	:
	Zinc doped Carbon Nanodots (1.00%) @ 5.0 ml/kg seed + Polymer @ 25 ml/kg seed

	T3
	:
	Zinc doped Carbon Nanodots (1.50%) @ 7.5 ml/kg seed + Polymer @ 25 ml/kg seed

	T4
	:
	Iron doped Carbon Nanodots (0.25%) @ 1.25 ml/kg seed + Polymer @ 25 ml/kg seed

	T5
	:
	Iron doped Carbon Nanodots (0.50%) @ 2.5 ml/kg seed + Polymer @ 25 ml/kg seed

	T6
	:
	Copper doped Carbon Nanodots (0.25%) @ 1.25 ml/kg seed + Polymer @ 25 ml/kg seed

	T7
	:
	Copper doped Carbon Nanodots (0.50%) @ 2.5 ml/kg seed + Polymer @ 25 ml/kg seed

	T8
	:
	Manganese doped Carbon Nanodots (0.25%) @ 1.25 ml/kg seed + Polymer @ 25 ml/kg seed

	T9
	:
	Manganese doped Carbon Nanodots (0.50%) @ 2.5 ml/kg seed + Polymer @ 25 ml/kg seed

	T10
	:
	Calcium doped Carbon Nanodots (0.25%) @ 1.25 ml/kg seed + Polymer @ 25 ml/kg seed

	T11
	:
	Calcium doped Carbon Nanodots (0.50%) @ 2.5 ml/kg seed + Polymer @ 25 ml/kg seed

	T12
	:
	Boron doped Carbon Nanodots (0.25%) @ 1.25 ml/kg seed + Polymer @ 25 ml/kg seed

	T13
	:
	Boron doped Carbon Nanodots (0.50%) @ 2.5 ml/kg seed + Polymer @ 25 ml/kg seed

	T14
	:
	Boron doped Carbon Nanodots (1.00%) @ 5.0 ml/kg seed + Polymer @ 25 ml/kg seed

	T15
	:
	Carbon nanodots (0.25%) @ 1.25 ml/kg seed + Polymer @ 25 ml/kg seed

	T16
	:
	Polymer @ 25 ml/kg seed

	T17
	:
	Untreated Control



Seed vigour at first count (%):
           From each treatment, four replicates of 100 seeds were selected and placed on germination paper with uniform spacing and rolled. The rolled towel was placed in germination chamber at 25°C temperature and 95 percent relative humidity. On the day of first count (7th day), number of seedlings germinated were evaluated and expressed in percentage. (ISTA,2024)
Seedling dry weight (mg):
Randomly chosen ten normal seedlings, during germination evaluation, were placed in butter paper bags and dried in a hot air oven at 100 ± 1°C for 24 hours. After drying, the seedlings were cooled in desiccators for 30 minutes, then weighed using an electronic balance. The average seedling dry weight was recorded in milligrams.

Field emergence (%):
        The field emergence potential of the seeds was assessed following the method outlined by Shenoy et al. (1990). Four replications of 100 seeds from each treatment were randomly selected and sown at a depth of 2.0 cm in well-prepared soil. The final field emergence count was recorded on the 14th day after sowing and expressed as a percentage.
Field emergence (%) = Emerged seeds / Seeds sown x 100

Results and discussion:
Analysis of variance
            The mean data on seed vigor, recorded at bimonthly intervals during the 18-month storage period, was obtained from the first count of high-germination chili seeds coated with nutrient-doped carbon nanodots. The data were statistically analyzed using the CRD design, and the mean sum of squares are presented in Table 1. They were found to be significant at 5% level of significance at all storage intervals.
Effect on seed vigour on 1st count:
Table 2 represents data on the effect of nutrient-doped carbon nanodots on the seed vigour (%) at first count of high-germination chilli seeds over an 18-month storage period. During this period, chilli seeds treated with the carbon nanodots showed a substantial improvement in vigour when stored under cold conditions. 
The mean seed vigour at first count (%) remained consistent, ranging from 36% to 37%, during the first 4 months after seed coating and cold storage. Whereas, from the 6th to 18th month, vigour gradually declined from 34% to 29%.
Immediately after coating, a notable 6% improvement in seed vigour is observed with treatments T8 (Manganese-doped carbon nanodots 0.25% @ 1.25 ml/kg seed + Polymer @ 25 ml/kg seed) and T4 (Iron-doped carbon nanodots 0.25% @ 1.25 ml/kg seed + Polymer @ 25 ml/kg seed). These treatments are on par with T5 (Iron-doped carbon nanodots 0.50% @ 2.5 ml/kg seed + Polymer @ 25 ml/kg seed) and T7 (Copper-doped carbon nanodots 0.50% @ 2.5 ml/kg seed + Polymer @ 25 ml/kg seed).
Chilli seeds coated with Iron-doped Carbon Nanodots (0.25% @ 1.25 ml/kg seed) and Polymer (25 ml/kg seed) in treatment T4 exhibited the highest vigour throughout the 18-month cold storage period. In contrast, the lowest vigour was observed in treatment T11, which used Calcium-doped carbon nanodots (0.50% @ 2.5 ml/kg seed) and Polymer (25 ml/kg seed). After 18 months, the highest vigour at first count (35%) was recorded in seeds treated with T4, followed by treatments T8 and T10, which showed 33% vigour. Meanwhile, the lowest vigour (19%) was observed in T11.
Chilli seeds coated with nutrient-doped carbon nanodots in treatments such as T1, T4, T5, T7, T8, T9, T10, T15, and T16 demonstrated a 1% to 11% improvement in seed vigour over the 18-month storage period compared to the untreated control (T17). In contrast, the most significant decline in vigour was observed in treatments T3 and T11 (-1% to -7%), as shown in Figure 1. When compared to the polymer control (T16), treatments involving nutrient-doped carbon nanodots, such as T1, T4, T5, T7, T8, T10, and T15, exhibited a 1% to 9% improvement in vigour, while the greatest decline occurred in treatments T2, T3, T11, and T17 (-1% to -10%), as shown in Figure 2. Similarly, compared to the carbon nanodots control (T15), treatments like T1, T4, T5, T7, and T8 showed a 1% to 8% improvement, while the most notable decrease in vigour was seen in treatments T11, T2, T3, T16, and T17 (-1% to -12%), as shown in Figure 3.
The improvement in seed vigour observed in certain treatments involving nutrient-doped carbon nanodots is largely due to the beneficial effects of specific nutrients like iron, manganese, and copper. These elements support crucial seed metabolic processes such as stress resistance and enzyme activation, helping maintain higher seed vigour during cold storage. The polymer coating also plays a role by protecting seeds from moisture loss and oxidative damage. For example, treatments like T4 (Iron-doped) and T8 (Manganese-doped) showed consistent improvements in vigour, reaching 35% and 33% after 18 months.
On the other hand, treatments such as T11 (Calcium-doped carbon nanodots) experienced a significant decline in vigour, dropping to 19%. This may be due to an excess of calcium, which can disrupt normal seed metabolism over time. Similarly, treatments T2 and T3 showed reduced vigour, likely due to less effective nutrient interactions or reduced resistance to storage stress. Overall, nutrient-doped carbon nanodots, especially those involving iron, manganese, and copper, provided better long-term seed vigour compared to untreated or less optimized treatments.
These results align with the findings of Ahmed et al. (2024), who reported that, the application of iron significantly improved seedling vigor, chlorophyll content, and overall plant health, contributing to better transplant success and productivity in chilli (Capsicum annuum L.). 
Table 1. Analysis of variance for seed vigour of chilli seed lot coated with nutrients doped carbon nanodots
	Source of variance
	Df
	

	
	
	0MAS
	2MAS
	4MAS
	6MAS
	8MAS
	10MAS
	14MAS
	18MAS

	Treatment
	16
	464.618***
	938.971***
	819.471***
	914.265***
	893.265***
	1179.765***
	913.471***
	927.618***

	Error
	51
	126.500
	150.500
	155.750
	174.250
	133.250
	160.750
	126.000
	101.250

	Total
	67
	591.118
	1065.471
	975.221
	1088.515
	1026.515
	1340.515
	1039.471
	1028.868



Table 2. Effect of nutrients doped carbon nanodots on seed vigour of chilli seed.
	Treatments
	Details
	0MAS
	2MAS
	4MAS
	6MAS
	8MAS
	10MAS
	14MAS
	18MAS

	T1
	Zinc CND (0.50%) 
	37
	39
	40
	38
	39
	36
	32
	31

	T2
	Zinc CND (1.00%) 
	37
	37
	34
	29
	28
	28
	27
	26

	T3
	Zinc CND (1.50%) 
	36
	37
	30
	27
	27
	25
	25
	23

	T4
	Iron CND (0.25%) 
	41
	45
	42
	40
	39
	38
	38
	35

	T5
	Iron CND (0.50%) 
	39
	42
	38
	37
	36
	35
	32
	30

	T6
	Copper CND (0.25%) 
	35
	37
	33
	33
	33
	31
	30
	30

	T7
	Copper CND (0.50%) 
	39
	41
	42
	39
	38
	37
	33
	32

	T8
	Manganese CND (0.25%) 
	41
	43
	40
	39
	39
	36
	34
	33

	T9
	Manganese CND (0.50%) 
	34
	35
	36
	33
	33
	32
	32
	30

	T10
	Calcium CND (0.25%) 
	34
	36
	38
	35
	31
	34
	34
	33

	T11
	Calcium CND (0.50%) 
	33
	31
	31
	30
	30
	22
	22
	19

	T12
	Boron CND (0.25%) 
	34
	32
	32
	30
	31
	30
	29
	30

	T13
	Boron CND (0.50%) 
	36
	37
	33
	31
	30
	30
	29
	29

	T14
	Boron CND (1.00%) 
	38
	37
	35
	33
	32
	30
	30
	28

	T15
	CND (0.25%) 
	37
	37
	37
	35
	33
	32
	32
	31

	T16
	Polymer@25ml/kg seed
	34
	36
	37
	34
	32
	31
	30
	29

	T17
	Untreated Control
	34
	35
	35
	33
	31
	29
	27
	26

	
	Mean
	36
	37
	36
	34
	33
	32
	30
	29

	
	CD at 5%
	2.236
	2.439
	2.481
	2.624
	2.295
	2.520
	0.002
	2.000

	
	P Value
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.001
	0.000

	
	CV
	4.350
	4.654
	4.876
	5.486
	4.944
	5.671
	5.939
	4.866

	
	SE(D)
	1.114
	1.215
	1.236
	1.307
	1.143
	1.255
	0.001
	0.996

	
	SE(M)
	0.787
	0.859
	0.874
	0.924
	0.808
	0.888
	0.001
	0.705




[bookmark: _Hlk182839010]Figure 1. Effect of seed coating with nutrient doped carbon nanodots on the percentage change in seed vigour compared to carbon nanodot as control in chilli. 

Figure 2. Effect of seed coating with nutrient doped carbon nanodots on the percentage change in seed vigour compared to polymer as control.

Figure 3. Effect of seed coating with nutrient doped carbon nanodots on the percentage change in seed vigour compared to untreated control in chilli.
The effect of nutrients doped carbon nanodots on seedling dry weight(gm) of high quality chilli seed lot:
Analysis of variance
            Mean data was recorded at bimonthly interval on seedling dry weight of high germination chilli lot coated with nutrients doped carbon nanodots during the storage period till 18 months.  Data was analyzed statistically as per CRD design and the mean sum of squares are presented in Table 3. Treatments were found to be significant at 5% level of significance at all storage intervals except for 4th and 8th months.
The mean dry weight (g) remained stable from 0 to 6 months after seed coating and cold storage. However, a gradual decline in seedling dry weight was observed between the 8th and 18th months, decreasing from 0.019% to 0.017% as shown in Table 4.
Immediately after coating, treatments T8 (Manganese-doped Carbon Nanodots 0.25% @ 1.25 ml/kg seed + Polymer @ 25 ml/kg seed) and T4 (Iron-doped Carbon Nanodots 0.25% @ 1.25 ml/kg seed + Polymer @ 25 ml/kg seed) showed a significant improvement of 0.05g in seedling dry weight, comparable to treatments T1, T2, T3, T9, and T10. After 18 months of cold storage, the highest seedling dry weight (0.020g) was recorded in seeds treated with T4 and T8, followed by T7 (0.019g). In contrast, the lowest seedling dry weight (0.015g) was observed in T11 (Calcium-doped Carbon Nanodots 0.50% + Polymer).
Chilli seeds treated with nutrient-doped carbon nanodots in treatments T4, T7, T8, and T10 showed a 1% to 4% improvement in seedling dry weight over the 18-month storage period compared to the untreated control (T17). In contrast, the highest reduction in seedling dry weight (-0.02g) was observed in treatment T11. When compared to the polymer control (T16), these treatments (T4, T7, T8, and T10) demonstrated a 1% to 3% increase in seedling dry weight, while treatments T3, T6, T11, T13, and T14 showed significant decreases. Similarly, compared to the carbon nanodots control (T15), the same treatments (T4, T7, T8, and T10) exhibited a 0.01g to 0.03g improvement in seedling dry weight, whereas treatments T3, T6, T11, T13, and T14 resulted in the greatest reductions.
The variation in seedling dry weight is due to the nutrients used in the carbon nanodots and their interactions over the storage period. Treatments with iron (T4) and manganese (T8) performed better because these nutrients support key processes like free radical scavenging energy production and improving seedling growth. Zinc (T1, T2, T3) is essential but can lead to toxicity in high amounts, reducing effectiveness. Calcium (T11) likely inhibited the absorption of other crucial nutrients, leading to the lowest seedling weight. Further, cold storage might have reduced or stabilized the rate of deterioration.
             These observations are parallel to that of Gulser et al. (2019) who explored the effects of different iron sources and doses on the growth of soybean (Glycine max L.) seedlings. The authors tested three iron sources: FeSO4.7H2O, Fe-EDDHA, and nanoFe, applied at three different doses (0, 15, and 30 mg/kg). The results demonstrated that nanoFe, particularly at 15 mg/kg, was most effective in promoting shoot and root fresh and dry weights, as well as increasing the number of compound leaves. 




Table 3. Analysis of variance for seedling dry weight of chilli seed lot coated with nutrients doped carbon nanodots.
	Source of variance
	Df
	

	
	
	0MAS
	2MAS
	4MAS
	6MAS
	8MAS
	10MAS
	14MAS
	18MAS

	Treatment
	16
	0***
	0*
	0
	0***
	0
	0**
	0***
	0***

	Error
	51
	0
	0
	0
	0
	0
	0
	0
	0

	Total
	67
	0
	0
	0
	0
	0
	0
	0
	0



Table 4. Effect of nutrients doped carbon nanodots on dry weight of chilli seed.
	Treatments
	Details
	0MAS
	2MAS
	4MAS
	6MAS
	8MAS
	10MAS
	14MAS
	18MAS

	T1
	Zinc CND (0.50%) 
	0.021
	0.021
	0.020
	0.021
	0.020
	0.019
	0.018
	0.017

	T2
	Zinc CND (1.00%) 
	0.021
	0.021
	0.020
	0.020
	0.018
	0.018
	0.018
	0.016

	T3
	Zinc CND (1.50%) 
	0.021
	0.021
	0.020
	0.018
	0.017
	0.017
	0.017
	0.016

	T4
	Iron CND (0.25%) 
	0.022
	0.021
	0.021
	0.020
	0.020
	0.020
	0.020
	0.020

	T5
	Iron CND (0.50%) 
	0.02
	0.021
	0.022
	0.020
	0.020
	0.020
	0.019
	0.017

	T6
	Copper CND (0.25%) 
	0.02
	0.021
	0.021
	0.020
	0.019
	0.018
	0.018
	0.016

	T7
	Copper CND (0.50%) 
	0.019
	0.021
	0.021
	0.020
	0.020
	0.019
	0.018
	0.019

	T8
	Manganese CND (0.25%) 
	0.022
	0.021
	0.020
	0.020
	0.020
	0.020
	0.020
	0.020

	T9
	Manganese CND (0.50%) 
	0.021
	0.021
	0.020
	0.021
	0.020
	0.020
	0.019
	0.017

	T10
	Calcium CND (0.25%) 
	0.021
	0.022
	0.021
	0.020
	0.019
	0.020
	0.020
	0.018

	T11
	Calcium CND (0.50%) 
	0.020
	0.019
	0.021
	0.020
	0.020
	0.019
	0.017
	0.015

	T12
	Boron CND (0.25%) 
	0.019
	0.020
	0.021
	0.020
	0.019
	0.020
	0.018
	0.017

	T13
	Boron CND (0.50%) 
	0.020
	0.019
	0.020
	0.020
	0.019
	0.018
	0.018
	0.016

	T14
	Boron CND (1.00%) 
	0.018
	0.020
	0.020
	0.020
	0.020
	0.017
	0.017
	0.016

	T15
	CND (0.25%) 
	0.02
	0.018
	0.021
	0.019
	0.018
	0.018
	0.018
	0.017

	T16
	Polymer@25ml/kg seed
	0.018
	0.019
	0.018
	0.018
	0.018
	0.018
	0.018
	0.017

	T17
	Untreated Control
	0.017
	0.018
	0.018
	0.017
	0.017
	0.017
	0.017
	0.016

	
	Mean
	0.020
	0.020
	0.020
	0.020
	0.019
	0.019
	0.018
	0.017

	
	CD at 5%
	0.002
	0.002
	NS
	0.002
	NS
	0.002
	0.002
	0.002

	
	P Value
	0.001
	0.038
	0.262
	0.001
	0.177
	0.013
	0.001
	0.000

	
	CV
	8.052
	8.604
	9.614
	6.157
	8.221
	7.188
	5.939
	7.788

	
	SE(D)
	0.001
	0.001
	0.001
	0.001
	0.001
	0.001
	0.001
	0.001

	
	SE(M)
	0.001
	0.001
	0.001
	0.001
	0.001
	0.001
	0.001
	0.001



The effect of nutrients doped carbon nanodots on field emergence (%) of chilli seed lot:
Analysis of variance
            Mean data was recorded at bimonthly interval on field emergence of high germination chilli lot coated with nutrients doped carbon nanodots during the storage period of 18 months.  Data was analyzed statistically as per CRD design and the mean sum of squares are presented in Table 5. Treatments were found to be significant at 5% level of significance at all storage intervals.
[bookmark: _Hlk182836363][bookmark: _Hlk182836393]           The data in Table 6 presents the effects of nutrient-doped carbon nanodots on the field emergence of high-quality chilli seeds over an 18-month cold storage period. Throughout this period, treated chilli seed exhibited a significant improvement in field emergence. However, the mean field emergence percentage steadily decreased over the course of the 18 months, declining from 61% at the beginning to 40% by the end of the storage period with a mean reduction of 21%.
            Immediately after coating, a significant 24% improvement in field emergence is observed with treatment T4 (Iron-doped Carbon Nanodots 0.25% @ 1.25 ml/kg seed + Polymer @ 25 ml/kg seed). This treatment is on par with T8 (Manganese-doped Carbon Nanodots 0.25% @ 1.25 ml/kg seed + Polymer @ 25 ml/kg seed) , T1 (Zinc doped Carbon Nanodots (0.50%) @ 2.5 ml/kg seed + Polymer @ 25 ml/kg seed), T5 (Iron doped Carbon Nanodots (0.50%) @ 2, ml/kg seed + Polymer @ 25 ml/kg seed), T6 (Copper doped Carbon Nanodots (0.25%) @ 1.25 ml/kg seed + Polymer @ 25 ml/kg seed), T7 (Copper doped Carbon Nanodots (0.50%) @ 2.5 ml/kg seed + Polymer @ 25 ml/kg seed) T9 (Manganese doped Carbon Nanodots (0.50%) @ 2.5 ml/kg seed + Polymer @ 25 ml/kg seed),T10 (Calcium-doped Carbon Nanodots 0.25% @ 1.25 ml/kg seed + Polymer @ 25 ml/kg seed),T13 (Boron doped Carbon Nanodots (0.50%) @ 2.5 ml/kg seed + Polymer @ 25 ml/kg seed). Whereas, lowest field emergence % was recorded in T3 (Zinc at 1.5%)
Throughout the 18-month storage period under cold conditions, chili seeds coated with Iron-doped Carbon Nanodots 0.25% @ 1.25 ml/kg seed + Polymer @ 25 ml/kg seed (T4) showed the highest field emergence (%) and T8 (Manganese-doped Carbon Nanodots 0.25% @ 1.25 ml/kg seed + Polymer @ 25 ml/kg seed) compared to the untreated control. In contrast, the lowest field emergence (%) was observed with T3 (Zinc-doped Carbon Nanodots 1.00% @ 7.5 ml/kg seed + Polymer @ 25 ml/kg seed) from the initial month of storage.
          After 18 months of coating and cold storage, the highest field emergence (62%) is observed in chili seeds treated with (Manganese-doped Carbon Nanodots 0.25% @ 1.25 ml/kg seed + Polymer @ 25 ml/kg seed) (T8). Comparable field emergence (61%) is recorded for treatment T4 Iron-doped Carbon Nanodots 0.25% @ 1.25 ml/kg seed + Polymer @ 25 ml/kg seed, and in contrast, the lowest field emergence was observed with T3 (Zinc doped Carbon Nanodots (1.50%) @ 7.5 ml/kg seed + Polymer @ 25 ml/kg seed ), T5 (Iron doped Carbon Nanodots (0.50%) @ 2.5 ml/kg seed + Polymer @ 25 ml/kg seed) and T14 (Boron doped Carbon Nanodots (1.00%) @ 5.0 ml/kg seed + Polymer @ 25 ml/kg seed).
In comparison to the untreated control (T17), chilli seeds coated with nutrient-doped carbon nanodots in treatments such as T1, T4, T7, T8, T9, T10, T15, and T16 show an improvement in field emergence, ranging from 1% to 28% over the 18-month storage period. Meanwhile, the highest reductions in field emergence (-1 to -12%) observed in treatments T2, T3, T5, T12, and T14 as shown in Figure 4.
When evaluated against the polymer control (T16), chilli seeds treated with nutrient-doped carbon nanodots in treatments such as T1, T4, T7, T8, T9, T10 and T15 show an increase in field emergence, ranging from 1% to 27% over the 18-month storage period. However, the highest reductions in field emergence (-1 to -14%) were recorded in treatments T2, T3, T5, T12, T14 and T17 as shown in Figure 5.
In relation to the carbon nanodots control (T15), chilli seeds coated with nutrient-doped carbon nanodots in treatments such as T1, T4, T7 and T8 showed an improvement in field emergence, ranging from 1% to 21% over the 18-month storage period. The highest reductions in field emergence (-1 to -16%) were observed in treatments T2, T3, T5, T11, T12, T14, T16 and T17 as shown in Figure 6.
The variations in field emergence of chilli seeds coated with nutrient-doped carbon nanodots can be attributed to the nutrients, nanodot size, and polymer coating used. Treatments with iron and manganese, such as T4 and T8, show significant improvements due to the essential roles these nutrients play in seed metabolism and growth. In contrast, treatments with higher concentrations of zinc and boron, like T3 and T14, lead to reduced field emergence, likely because of nutrient toxicity. The small size of the nanodots enhances nutrient absorption, while the polymer coating provides sustained release and protection during cold storage. Although cold storage affects seed vigor, the nutrient-doped carbon nanodots, when used in suitable concentrations, help maintain field emergence over time.
          These results are in line with Kasote et al. (2021), who noticed that the manganese oxide nanoparticles (MnO-NPs) especially at concentrations of 20 mg/L, significantly improved the seedling emergence, chlorophyll content, and antioxidant profiles of watermelon seedlings. 


Table 5. Analysis of variance for field emergence of high germination chilli seed lot coated with nutrients doped carbon nanodots.
	Source of variance
	Df
	

	
	
	0MAS
	2MAS
	4MAS
	6MAS
	8MAS
	10MAS
	14MAS
	18MAS

	Treatment
	16
	3872.765***
	2700.059***
	2280.529***
	2549.059***
	2543.941***
	2882.882***
	3010.118***
	2969.529***

	Error
	51
	71.000
	85.000
	41.500
	88.000
	47.000
	53.000
	50.000
	40.000

	Total
	67
	3943.765
	2785.059
	2322.029
	2637.059
	2590.941
	2935.882
	3060.118
	3009.529



Table 6. Effect of nutrients doped carbon nanodots on field emergence of HIGH germination chilli seed.
	Treatments
	Details
	0MAS
	2MAS
	4MAS
	6MAS
	8MAS
	10MAS
	14MAS
	18MAS

	T1
	Zinc CND (0.50%) 
	66
	63
	61
	59
	56
	54
	51
	49

	T2
	Zinc CND (1.00%) 
	47
	46
	44
	41
	37
	35
	32
	31

	T3
	Zinc CND (1.50%) 
	43
	43
	41
	37
	37
	35
	34
	31

	T4
	Iron CND (0.25%) 
	76
	73
	70
	69
	66
	66
	64
	61

	T5
	Iron CND (0.50%) 
	70
	57
	49
	46
	45
	41
	37
	31

	T6
	Copper CND (0.25%) 
	75
	66
	51
	50
	48
	42
	41
	37

	T7
	Copper CND (0.50%) 
	72
	64
	59
	58
	57
	55
	55
	45

	T8
	Manganese CND (0.25%) 
	75
	75
	73
	70
	69
	68
	64
	62

	T9
	Manganese CND (0.50%) 
	58
	57
	56
	52
	49
	47
	46
	44

	T10
	Calcium CND (0.25%) 
	69
	64
	60
	57
	51
	50
	47
	41

	T11
	Calcium CND (0.50%) 
	52
	53
	50
	44
	44
	41
	39
	37

	T12
	Boron CND (0.25%) 
	56
	54
	50
	47
	43
	41
	39
	33

	T13
	Boron CND (0.50%) 
	65
	63
	59
	51
	47
	46
	45
	41

	T14
	Boron CND (1.00%) 
	46
	47
	47
	44
	40
	36
	31
	31

	T15
	CND (0.25%) 
	56
	56
	54
	50
	51
	50
	47
	41

	T16
	Polymer@25ml/kg seed
	54
	52
	51
	50
	50
	49
	44
	35

	T17
	Untreated Control
	52
	51
	51
	49
	49
	45
	40
	34

	
	Mean
	61
	58
	54
	51
	49
	47
	44
	40

	
	CD at 5%
	4.312
	4.718
	3.296
	4.800
	3.508
	3.725
	3.618
	3.236

	
	P Value
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000

	
	CV
	3.37
	3.875
	2.873
	4.436
	3.381
	3.761
	3.877
	3.824

	
	SE(D)
	2.044
	2.236
	1.562
	2.275
	1.663
	1.766
	1.715
	1.534

	
	SE(M)
	1.445
	1.581
	1.105
	1.609
	1.176
	1.249
	1.213
	1.085









Figure 4. Effect of seed coating with nutrient doped carbon nanodots on the percentage change in field emergence compared to carbon nanodot as control in chilli. 

Figure 5. Effect of seed coating with nutrient doped carbon nanodots on the percentage change in field emergence compared to polymer as control in chilli. 

Figure 6. Effect of seed coating with nutrient doped carbon nanodots on the percentage change in field emergence compared to untreated control in chilli. 
Conclusion: 
This study confirms that nutrient-doped carbon nanodots (CNDs) effectively enhance seed vigour, seedling dry weight, and field emergence in chilli seeds over an 18-month storage period. Iron and manganese-doped CNDs (T4 and T8) yielded the best results, improving seed performance, while higher concentrations of calcium and boron were less effective. The use of nutrient-doped CNDs shows great potential for improving seed quality and promoting healthier seedling growth in chilli, offering a valuable approach to addressing nutrient deficiencies in agriculture.
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Compared to carbon nanodots control (T15)

0MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	10	-9	-13	20	14	19	16	19	2	13	-4	0	9	-10	0	-2	-4	2MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	7	-10	-13	17	1	10	8	19	1	8	-3	-2	7	-9	0	-4	-5	4MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	7	-10	-13	16	-5	-3	5	19	2	6	-4	-4	5	-7	0	-3	-3	6MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	9	-9	-13	19	-4	0	8	20	2	7	-6	-3	1	-6	0	0	-1	8MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	5	-14	-14	15	-6	-3	6	18	-2	0	-7	-8	-4	-11	0	-1	-2	10MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	4	-15	-15	16	-9	-8	5	18	-3	0	-9	-9	-4	-14	0	-1	-5	14MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	4	-15	-13	17	-10	-6	8	17	-1	0	-8	-8	-2	-16	0	-3	-7	18MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	8	-10	-10	20	-10	-4	4	21	3	0	-4	-8	0	-10	0	-6	-7	Chilli seed coating treatments


percentage change in field emergence




Compared to polymer control (T16)

0MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	12	-7	-11	22	16	21	18	21	4	15	-2	2	11	-8	2	0	-2	2MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	11	-6	-9	21	5	14	12	23	5	12	1	2	11	-5	4	0	-1	4MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	10	-7	-10	19	-2	0	8	22	5	9	-1	-1	8	-4	3	0	0	6MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	9	-9	-13	19	-4	0	8	20	2	7	-6	-3	1	-6	0	0	-1	8MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	6	-13	-13	16	-5	-2	7	19	-1	1	-6	-7	-3	-10	1	0	-1	10MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	5	-14	-14	17	-8	-7	6	19	-2	1	-8	-8	-3	-13	1	0	-4	14MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	7	-12	-10	20	-7	-3	11	20	2	3	-5	-5	1	-13	3	0	-4	18MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	14	-4	-4	26	-4	2	10	27	9	6	2	-2	6	-4	6	0	-1	Chilli seed coating treatments


percentage change in field emergence




Compared to untreated control (T17)

0MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	14	-5	-9	24	18	23	20	23	6	17	0	4	13	-6	4	2	0	2MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	12	-5	-8	22	6	15	13	24	6	13	2	3	12	-4	5	1	0	4MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	10	-7	-10	19	-2	0	8	22	5	9	-1	-1	8	-4	3	0	0	6MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	10	-8	-12	20	-3	1	9	21	3	8	-5	-2	2	-5	1	1	0	8MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	7	-12	-12	17	-4	-1	8	20	0	2	-5	-6	-2	-9	2	1	0	10MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	9	-10	-10	21	-4	-3	10	23	2	5	-4	-4	1	-9	5	4	0	14MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	11	-8	-6	24	-3	1	15	24	6	7	-1	-1	5	-9	7	4	0	18MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	15	-3	-3	27	-3	3	11	28	10	7	3	-1	7	-3	7	1	0	Chilli seed coating treatments


percentage change in field emergence




Compared to carbon nanodots control (T15)

0MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	0	0	-1	4	2	-2	2	4	-3	-3	-4	-3	-1	1	0	-3	-3	2MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	2	0	0	8	5	0	4	6	-2	-1	-6	-5	0	0	0	-1	-2	4MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	3	-3	-7	5	1	-4	5	3	-1	1	-6	-5	-4	-2	0	0	-2	6MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	3	-6	-8	5	2	-2	4	4	-2	0	-5	-5	-4	-2	0	-1	-2	8MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	6	-5	-6	6	3	0	5	6	0	-2	-3	-2	-3	-1	0	-1	-2	10MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	4	-4	-7	6	3	-1	5	4	0	2	-10	-2	-2	-2	0	-1	-3	14MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	0	-5	-7	6	0	-2	1	2	0	2	-10	-3	-3	-2	0	-2	-5	18MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	0	-5	-8	4	-1	-1	1	2	-1	2	-12	-1	-2	-3	0	-2	-5	Chilli seed coating treatments


percentage change in seed vigour




Compared to polymer control (T16)

0MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	3	3	2	7	5	1	5	7	0	0	-1	0	2	4	3	0	0	2MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	3	1	1	9	6	1	5	7	-1	0	-5	-4	1	1	1	0	-1	4MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	3	-3	-7	5	1	-4	5	3	-1	1	-6	-5	-4	-2	0	0	-2	6MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	4	-5	-7	6	3	-1	5	5	-1	1	-4	-4	-3	-1	1	0	-1	8MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	7	-4	-5	7	4	1	6	7	1	-1	-2	-1	-2	0	1	0	-1	10MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	5	-3	-6	7	4	0	6	5	1	3	-9	-1	-1	-1	1	0	-2	14MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	2	-3	-5	8	2	0	3	4	2	4	-8	-1	-1	0	2	0	-3	18MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	2	-3	-6	6	1	1	3	4	1	4	-10	1	0	-1	2	0	-3	Chilli seed coating treatments


percentage change in seed vigour




Compared to untreated control (T17)

0MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	3	3	2	7	5	1	5	7	0	0	-1	0	2	4	3	0	0	2MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	4	2	2	10	7	2	6	8	0	1	-4	-3	2	2	2	1	0	4MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	5	-1	-5	7	3	-2	7	5	1	3	-4	-3	-2	0	2	2	0	6MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	5	-4	-6	7	4	0	6	6	0	2	-3	-3	-2	0	2	1	0	8MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	8	-3	-4	8	5	2	7	8	2	0	-1	0	-1	1	2	1	0	10MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	7	-1	-4	9	6	2	8	7	3	5	-7	1	1	1	3	2	0	14MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	5	0	-2	11	5	3	6	7	5	7	-5	2	2	3	5	3	0	18MAS	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	T13	T14	T15	T16	T17	5	0	-3	9	4	4	6	7	4	7	-7	4	3	2	5	3	0	Chilli seed coating treatments


percentage change in seed vigour







