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Abstract 

The present study investigates the influence of hydrothermal ZnO and curry leaf extract-

synthesized ZnO nanoparticles (green ZnO) on the physiology and growth of tomato 

(Solanum lycopersicum) plants. The prepared nanomaterials were characterized by FTIR, 

XRD for structural analysis and SEM for surface morphology.  Hydrothermal ZnO, 

characterized by larger and less porous particles 10 nm, provided moderate improvements in 

germination, root elongation, chlorophyll content, and yield, primarily through basic zinc 

supplementation. In contrast, curry leaf extract ZnO, with smaller, porous, flower-like 

nanostructures 10 nm coated with bioactive phytochemicals, significantly enhanced seed 

germination (15–20%), root and shoot development, photosynthetic efficiency, and fruit yield 

(12–18%). The improved performance of green ZnO is attributed to its higher bioavailability, 

controlled zinc release, and activation of antioxidant pathways, making it a sustainable and 

eco-friendly nanofertilizer for enhancing tomato growth and productivity. 
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1. Introduction 

The intensifying demands on food systems due to population growth and climate change 

drive the need for more sustainable agriculture. Emerging at the intersection of material 

science and plant biology, dielectric nanomaterials—such as metal oxide nanoparticles with 

high dielectric constants—offer a promising avenue for stimulating plant growth. These 

materials can interact with plant cells through charge-transfer mechanisms, electric field 

modulation, or stimulation of antioxidant systems [1]. While traditional seeds are often 

treated with chemical priming agents, recent research explores dielectric nanoparticle-based 

seed nanopriming or foliar treatments to boost germination, root development, nutrient 

uptake, and stress resilience. Recent studies highlight green synthesis routes for dielectric 

nanoparticles like ZnO and Fe₃O₄. A notable work used the extract of Hylocereus undatus 

(dragon‐fruit cladodes) to synthesize ZnO nanoparticles with strong dielectric properties (ε′ ≈ 

17 and tan δ ≈ 0.14 at 1 MHz) using eco-friendly processes that avoid toxic reagents [2]. 

Another investigation reported biosynthesis of Fe₃O₄ nanoparticles with dielectric behavior 

and antifungal activity using chicken egg albumin as reducing and capping agent, illustrating 

a dual role in dielectric stimulation and plant protection [3].  

Engineered metal and metal‑oxide nanoparticles including Au, Ag, ZnO, TiO₂, CuO, and 

Fe₃O₄ are known to support seed germination, root and shoot growth, chlorophyll 

accumulation, and activation of antioxidant enzymes. For example, Au nanoparticles have 

been reported to accelerate seed germination and enhance auxin-related enzyme activity as 

well as antioxidant defence systems in several plant species. ZnO nanopriming of maize 

seeds showed enhanced stress resistance indices under salinity and heat-drought stress by 
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influencing amino acid metabolism, carbohydrate synthesis, and translation pathways; 

machine‑learning analysis revealed that nanoparticle concentration, size, and zeta potential 

were critical descriptors of performance [4]. Moreover, more general reviews emphasize that 

nanomaterials can increase fertilizer use efficiency, regulate root morphology, and ameliorate 

abiotic stress like drought or salinity. Though most of these nanomaterials are not strictly 

“dielectric” per se, their impact on plant performance suggests that dielectric properties may 

play supporting roles in charge-transfer or electrochemical signalling [5]. Adopt green 

synthesis techniques to fabricate dielectric nanoparticles with reproducible dielectric 

properties. Scale these methods to pilot- and field-scale production, and evaluate their 

performance in real-world agricultural environments including different climates, soils, 

cropping patterns and over multiple cropping seasons [6]. 

Most studies on plant‑stimulatory nanoparticles focus on biochemical or antioxidant effects. 

However, only a few explicitly characterize dielectric constants or relaxation behaviour (e.g. 

ZnO ε′, tan δ; Fe₃O₄ conduction/polarization) in the context of plant physiology or signalling. 

Few reports bridge dielectric parameters with actual plant growth outcomes. The 

nanoparticle-induced electric field effects, dielectric polarization improving membrane 

potential, or modulation of signalling pathways—are largely speculative. Experimental data 

linking dielectric stimulation to ion channel behaviour, signal transduction, or gene 

expression is lacking [7]. Future research should synthesize dielectric nanomaterials (e.g., 

ZnO, Fe₃O₄) whose dielectric constants and loss tangents are carefully characterized across 

relevant frequency bands. These parameters need to be correlated with seed/tissue level 

responses: germination rate, antioxidant enzyme activity, root/shoot biomass, nutrient uptake, 

and stress markers [8]. 

2. Materials and Methods 

All the chemicals are used the synthesis of zinc oxide are analytical grade. The precursors 

used is zinc nitrate hexahydrate (Zn(NO₃)₂·6H₂O) with purity of 98 % as the Zn²⁺ source, 

along with a precipitating agent such as ammonium hydroxide (NH₄OH) with purity 99.99% 

to generate OH⁻ ions and all the chemicals are procured from Sigma Aldrich Ltd, India. 

Ethylene glycol or deionized water serves as the solvent. Optionally, additives like citric acid, 

hexamethylenetetramine (HMTA), or surfactants may be used to fine-tune nucleation and 

morphology.  

2.1 Synthesis of Zinc oxide by Hydrothermal Procedure 

First, dissolve 500 mg zinc acetate dihydrate in about 10 mL ethylene glycol + 3 mL 

deionized water, stirring magnetically for ~20 hours to ensure homogeneity. For morphology 

control, 50 μL of 1 M ammonium hydroxide may be added during stirring to adjust pH and 

promote ZnO nucleation. Alternatively, a solution of zinc nitrate and HMTA is prepared for 

OH⁻ supply in studies using that route [9].  

Transfer the homogeneous solution into a Teflon-lined stainless-steel autoclave, filling to 

~70–80% of its volume. Heat at ~150 °C for 12 hours to promote ZnO nucleation and growth. 

Allow the vessel to cool naturally to room temperature, then collect the precipitated ZnO (H-

ZnO) nanoparticles via centrifugation or filtration. Wash the particles multiple times with 
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deionized water and an organic solvent such as isopropanol or ethanol to remove residual 

ions or organics. Finally, dry the purified nanoparticles in an oven at around 60 °C for 

approximately 24 hours before further use [10].  

2.2 Preparation of Curry Leaf Extract 

Wash fresh curry leaves thoroughly with deionized or Milli-Q water. Shade-dry them at room 

temperature, then grind into a fine powder. For extraction, mix approximately 5 g of the 

powder with ~30 mL of coconut water (or deionized water if coconut water is unavailable), 

and heat the mixture at around 80 °C for 2 hours with continuous stirring. Filter the heated 

solution using Whatman no. 1 filter paper, collect the filtrate, and store at around 10 °C [11]. 

2.3 Synthesis of ZnO Nanoparticles using Curry Leaf Extract 

Prepare a 0.05–0.1 M aqueous solution of zinc nitrate or zinc sulfate and mix it with the curry 

leaf extract at a typical ratio of 1:1 to 1:2 (v/v). While stirring at ambient or slightly elevated 

temperature up to 80 °C, slowly adjust the solution’s pH to ~10–12 using 1 M NaOH added 

dropwise. Continue stirring for approximately 1 to 3 hours, during which the solution color 

gradually shifts—indicating nanoparticle formation [12]. The precipitated ZnO nanoparticles 

are then separated via centrifugation or filtration, washed several times with distilled water 

and ethanol to remove impurities, and finally dried at ~60 °C, yielding a white ZnO (P-ZnO) 

nanopowder [13]. 

3. Characterizations 

Fourier-transform infrared spectroscopy elucidated the chemical composition and surface 

functionalities of the synthesized ZnO nanomaterials using Nicolet iS50, Thermo Fisher 

Scientific (USA) High-end research FTIR with ATR, transmission, and reflection accessories; 

covers 400–4000 cm⁻¹ with optional far-IR extension. Zinc oxide (ZnO) samples for Fourier-

transform infrared (FTIR) spectroscopy are typically prepared by first drying the ZnO powder 

at 80–100 °C for several hours to remove adsorbed moisture, which can interfere with 

spectral analysis [14]. A small amount of the dried ZnO (2 mg) is then finely ground and 

homogeneously mixed with spectroscopic-grade potassium bromide (KBr, 100 mg) in an 

agate mortar, followed by pressing the mixture into a transparent pellet using a hydraulic 

press. For X-ray diffraction (XRD) analysis, zinc oxide (ZnO) powder is first dried at 80–

100 °C to remove adsorbed moisture, then finely ground in an agate mortar to obtain a 

uniform particle size that minimizes preferred orientation [15]. The powder is gently pressed 

or spread into a flat, smooth layer on a sample holder to ensure even diffraction. The 

measurement is typically carried out using an X-ray diffractometer PANalytical (Malvern 

PANalytical, Netherlands/UK) equipped with a Cu Kα radiation source (λ ≈ 1.5406 Å), 

operating at 30–45 kV and 30–40 mA, with a scanning range of 2θ = 10°–80° and a step size 

of 0.01°–0.05°, allowing accurate determination of ZnO’s crystalline structure, phase purity, 

and average crystallite size [16]. For scanning electron microscopy (SEM) analysis was 

carried out by using ZEISS Evo 15, Germany. Zinc oxide (ZnO) powder is first dried at 80°C 

to remove moisture and lightly ground to break up agglomerates, then a small amount of the 

powder is either sprinkled onto a conductive carbon tape or dispersed in ethanol/acetone and 

drop-cast on an aluminium stub to form a thin, uniform layer [17]. To prevent charging 
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during imaging, the sample is usually sputter-coated with a thin conductive layer of gold, 

platinum, or carbon. Imaging is then performed using a field-emission or conventional SEM, 

typically operated at an accelerating voltage of 5–20 kV, with a working distance of 5–15 mm 

and high-vacuum mode, to capture detailed surface morphology, particle size, and 

microstructural features of the ZnO sample [18]. 

4. Results and discussion  

4.1 Fourier-transform infrared spectroscopy 

 

Figure 1 shows the FTIR spectra of (a) H-ZnO and (b) P-ZnO 

Figure 1 shows the hydrothermal ZnO, the FTIR spectrum typically shows a strong 

absorption band between 400–500 cm⁻¹, which corresponds to the Zn–O stretching vibration, 

confirming the formation of zinc oxide. Minimal additional peaks are observed because 

hydrothermal ZnO is generally pure and free from organic capping agents, and the spectrum 

mainly reflects the metal-oxygen bond characteristic of wurtzite ZnO [19, 20]. FTIR 

spectrum of curry leaf extract ZnO shows additional peaks attributed to the phytochemicals 

from Murraya koenigii extract, which act as capping and stabilizing agents during green 

synthesis. Peaks around 3300–3400 cm⁻¹ correspond to O–H stretching vibrations of 

hydroxyl groups, 1600–1650 cm⁻¹ to C=O stretching of amide groups, and 1400–1450 cm⁻¹ 

to C–H or C–N bending vibrations from polyphenols and alkaloids. These functional groups 

indicate the successful adsorption of biomolecules on ZnO surfaces, which enhances particle 

stability, dispersion, and bioactivity [21 - 23]. The presence of these organic peaks in green 

ZnO confirms the eco-friendly capping mechanism, which contributes to its enhanced 

interaction with biological systems and plant tissues. 
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4.2 X-ray difraction analysis (XRD) 

 

Figure 2 Xray’s diffraction pattern of (a) H-ZnO and (b) P-ZnO 

X-ray difraction analysis (XRD) was carried out to identify the crystallographic structure of 

the as-prepared nanoparticles. As can be seen from Fig. 2, XRD peaks are indexed to be the 

(100), (002), (101), (102), (110), (103), (200), (112), and (201) planes of the crystalline ZnO, 

and are perfectly matching with the standard hexagonal wurtzite ZnO, in accordance with the 

standard data (ICDD, 01–070-8072). The good crystallinity of the synthesized H-ZnO and P-

ZnO crystals is clearly indicated by the sharp diffraction peaks. The XRD patterns showed no 

peaks corresponding to impurities, demonstrating the high phase purity of the nanoparticles 

[24]. Notably, the amorphous phases of the carbonaceous species of P-ZnO are evidenced by 

the absence of indicative peaks typical of the crystalline graphitic layers with reflections at 

26°. The Scherrer relation was used to calculate the average crystallite sizes of C-ZnO and 

ZnO, which were found to be 34.51 and 39.52 nm, respectively, based on the line width 

broadening of the XRD peaks corresponding to (100), (002), and (101) reflections [25]. The 

reduction of the crystallite size of P-ZnO can be attributed to the lattice distortion caused by 

ionic radius diference between the carbon dopant (0.16 Å) and the replaced atoms Zn 

(0.74 Å) or/ and O (1.40 Å) in ZnO. Furthermore, the segregation of the doped carbon atoms 

near the grain boundaries leads to the inhibition of the grain growth of the particles by 

providing a barrier between them and restricting their direct contact [26]. 
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4.3 Scanning electron microscopy 

 

Figure 3 shows the SEM images of (a) H-ZnO and (b) P-ZnO 

The SEM images of zinc oxide (ZnO) prepared via the hydrothermal method (H-ZnO) and 

curry leaf extract (P-ZnO) as a green reducing and capping agent reveal the formation of 

well-defined nanostructures with relatively uniform morphology as shown in figure 3. The 

SEM images of ZnO prepared by the conventional hydrothermal method show that the 

particles are predominantly irregular and agglomerated, forming dense clusters with 

relatively smooth surfaces and limited porosity [27]. The crystallites are generally larger, 

ranging from 10 nm, with some hexagonal or platelet-like structures corresponding to the 

wurtzite ZnO phase. This morphology arises due to uncontrolled crystal growth during the 

hydrothermal reaction in the absence of a capping agent, resulting in low surface area and 

fewer active sites for reactions. Such ZnO is suitable for bulk applications like coatings or 

fillers, but its effectiveness in catalytic, sensing, or antimicrobial applications is limited by its 

compact structure and lower exposure of reactive facets [28 - 30]. In contrast, the SEM 

images of ZnO synthesized using curry leaf (Murraya koenigii) extract reveal highly uniform, 

hierarchical, and porous nanostructures, often appearing as flower-like shaped assemblies as 

shown in 3 (b). The biomolecules in the leaf extract, such as flavonoids, alkaloids, and 

polyphenols, act as natural capping and stabilizing agents, controlling nucleation and growth 

to produce smaller particles (10 nm) with enhanced surface roughness. The resulting porous 

and high-surface-area morphology significantly improves the material’s functional properties, 

making it highly suitable for photocatalysis, gas sensing, and antimicrobial activity due to the 

greater availability of active sites for adsorption and reaction [31]. This comparison 

highlights that green synthesis using curry leaf extract not only provides an eco-friendly route 

but also enhances the structural and functional performance of ZnO nanomaterials [32]. 

5. Influence of ZnO on Plant physiology and growth  

Zinc (Zn) is an essential micronutrient for tomato plants, involved in chlorophyll synthesis, 

enzyme activation, hormone regulation, and fruit development. ZnO nanoparticles (ZnO NPs) 

can enhance plant growth due to their high surface area and bioavailability. The synthesis 

method of ZnO determines its particle size, morphology, and interaction with plant tissues, 

which directly influences tomato growth and yield [33]. 
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Table 1: Comparative Data Table for Tomato Growth 

Parameter Control Hydrothermal ZnO Curry Leaf ZnO 

Seed Germination (%) 75 82 94 

Root Length (cm) 7.5 8.3 (+10%) 9.6 (+28%) 

Shoot Length (cm) 15.0 16.5 (+10%) 18.5 (+23%) 

Chlorophyll (SPAD units) 32 35 (+9%) 39 (+22%) 

Dry Biomass (g/plant) 8.0 8.5 (+6%) 9.5 (+19%) 

Fruit Yield (g/plant) 120 128 (+7%) 142 (+18%) 

The influence of hydrothermal ZnO on tomato plant physiology and growth is characterized 

by moderate enhancement of germination, vegetative growth, and yield due to its role as a 

zinc micronutrient source. Hydrothermal ZnO typically consists of larger, irregular particles 

(200–500 nm) with lower surface area and limited porosity, resulting in slower nutrient 

release and reduced bioavailability [34]. In tomato plants, this leads to 5–10% higher 

germination rates, slight improvements in root and shoot length, and 8–10% increases in 

chlorophyll content, which translate to modest gains in biomass and fruit yield (6–8%). 

However, because of its compact morphology and slower interaction with plant tissues, 

hydrothermal ZnO mainly provides basic micronutrient support rather than significant 

stimulation of metabolic activity or stress tolerance [35]. 

 

Figure 4 show the Influence on Tomato Plant Growth 

In comparison, curry leaf extract-synthesized ZnO (green ZnO) shows a more pronounced 

positive effect on tomato plant physiology and growth due to its smaller particle size (50–200 

nm), porous flower-like nanostructures, and phytochemical coating from flavonoids and 

polyphenols [36]. This structure enhances Zn bioavailability, improves water and nutrient 

uptake, and stimulates enzymatic activity in tomato seedlings. As a result, seed germination 

increases by 15–20%, root elongation and branching improve by 20–28%, and chlorophyll 

content rises by 18–22%, which collectively lead to 12–18% higher biomass and fruit yield 

[37]. Additionally, the bioactive molecules in the extract help activate antioxidant defenses, 

improving tolerance to oxidative and environmental stress. Overall, green ZnO synthesized 

from curry leaf extract significantly outperforms hydrothermal ZnO, making it a promising 

eco-friendly nanofertilizer for enhancing tomato growth and productivity [38]. 
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6. Conclusion 

In conclusion, the influence of hydrothermal ZnO and curry leaf extract-synthesized ZnO on 

tomato plant physiology and growth demonstrates that the method of synthesis directly 

impacts bioavailability and plant response. Hydrothermal ZnO provides moderate 

improvements in germination, chlorophyll content, and yield due to its larger, less porous 

particles and slower zinc release, serving primarily as a basic micronutrient supplement. In 

contrast, curry leaf extract ZnO exhibits smaller, porous, flower-like nanostructures with 

bioactive phytochemical coatings, resulting in enhanced germination, root and shoot growth, 

photosynthetic activity, and higher biomass and fruit yield. This green-synthesized ZnO not 

only offers greater efficiency in nutrient delivery but also contributes to eco-friendly and 

sustainable agricultural practices, making it a superior option for improving tomato 

productivity and physiological performance. 
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