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Abstract 

In the present work, the zinc oxide nanoparticles were synthesized using an 

environmentally friendly green synthesis method utilizing Annona reticulata leaf and fruit 

extracts and compared with the ZnO prepared by the chemical route method. The Rietveld 

refinement X-ray diffraction (XRD) pattern revealed the formation of wurtzite-structured 

ZnO. The presence of abundant hydroxyl functional groups with Zn-O stretching vibrations 

was corroborated using Fourier Transform Infrared (FTIR) spectroscopic analysis. The 

particle size distribution and the morphological analysis were inferred through the Field 

emission scanning electron microscopic (FESEM) images. The antibacterial potential of the 

prepared ZnO NPs was evaluated against pathogenic strains of Staphylococcus aureus, 

Enterococcus faecalis, Klebsiella pneumoniae, Pseudomonas aeruginosa, and Escherichia 

coli. Based on the zone of inhibition, the fruit-derived ZnO NPs showed higher antibacterial 

activity, followed by leaf-derived and chemically synthesized nanoparticles. Notably, fruit-

derived ZnO NPs exhibited an almost equal zone of inhibition of 21.1 mm at 100 µg and a 

greater zone of inhibition of 16.9 mm at 50 µg against Klebsiella pneumoniae compared to 

antibiotic streptomycin. Finally, the germination of Vigna radiata seeds under the influence 

of ZnO NPs demonstrated that the nanoparticles favoured seed germination at a lower 

concentration of 2.5 mg. The highest seed germination was observed in green synthesized 

ZnO NPs (26 cm), with both leaf and fruit-derived nanoparticles exhibiting almost similar 

impacts on seed germination. The findings indicate that Annona reticulata-derived ZnO NPs 

could be utilized as potential antibacterial agents. 

Keywords: Zinc Oxide; Annona reticulata; Antibacterial 
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1. Introduction 

Amid various metal oxide nanomaterials, Zinc oxide nanoparticles (ZnO NPs) have 

attracted considerable attention for the last two decades in multiple applications due to their 

versatile characteristics, like biocompatibility, lower costs, biodegradability, solubility in 

alkaline medium, peculiar semiconducting, optical as well as piezoelectric features [1, 2]. The 

ZnO NPs are inexpensive, less toxic than metal oxide NPs, and have outstanding biomedical 

applications [3]. Recently, there has been a rising concern regarding the escalating microbial 

resistance observed toward numerous antimicrobial drugs [4]. Antimicrobial-resistant 

bacteria are identified to possess resistance traits to methicillin, penicillin, sulfonamide, 

vancomycin, etc., and many antibiotics struggle to combat these multidrug-resistant mutants 

[5]. In this line, there has been an increasing interest in the antibacterial potential of metal and 

metal oxide-based nanomaterials as a highly potential strategy for reducing or preventing 

microbial drug resistance [4]. In particular, ZnO nanomaterials possess remarkable 

antibacterial efficiency at low doses against a broad spectrum of bacterial stains owing to 

producing reactive oxygen species (ROS), electrostatic interactions, and creating 

antimicrobial ions, etc. [6,7]. Further, the nanoparticle size, buffer type, surface chemistry of 

NPs like surface charge, and functional groups enhance nanomaterials' antibacterial effects 

[8]. Several studies have reported that the antibacterial properties of ZnO NPs against gram-

negative bacteria like Escherichia coli, Pseudomonas aeruginosa, and gram-positive bacteria 

such as Staphylococcus aureus, Bacillus subtilis, Pseudomonas vulgaris, Klebsiella 

pneumoniae, and Candida albicans, etc. [9-12]. Furthermore, various investigations have 

inferred the biocompatibility of ZnO nanomaterials to human cells, rendering their suitability 

as antibacterial agents that are harmful to microbes while remaining non-toxic to human 

tissues [1].   



4 

 

Among various plant enzymes and essential proteins, zinc is a vital plant 

micronutrient and is significant in their overall growth [13, 14]. Photosynthesis, antioxidant 

function, preserving the structural and functional integrity of biological membranes, 

expression of genes under regular and hassle conditions, and growth regulation are just some 

of the many processes that rely on zinc [15]. Zinc deficiency on leaves could be visible as 

chlorosis and white necrotic areas that hinder plant growth and photosynthesis in numerous 

plant varieties [16]. Zinc produces proteins, nucleic acids, carbohydrates, chlorophyll 

production, and energy generation. Additionally, zinc plays a role in metabolizing 

carbohydrates, proteins, phosphates, and lipids [17, 18]. Zinc improves germination rates, 

stimulates rapid seedling development, modifies seedling water intake and transport 

capacities, and mitigates the damaging impacts of heat, drought, and salt stresses [18]. 

However, prominent zinc levels can affect cell function and interrupt various vital functions 

in a plant owing to replacing other elements with a comparable size and charge [19].  

 Green synthesis has also received immense popularity in nanotechnology in the last 

decade as a sustainable and environmentally friendly strategy for synthesizing various metal 

oxide nanomaterials [4]. Among the various sources,  plant extracts is the most convenient 

and accessible approach for large-scale production of nanomaterials compared to other 

sources like bacteria and fungi [4]. Plants are known to produce more stable forms of 

nanomaterials than microorganisms [20]. Hence, biosynthesis approaches based on plant 

extracts are attracting more attention as a simple, economical, and feasible choice [4]. 

Moreover, plants possess a rich range of biomolecules such as carbohydrates and proteins and 

numerous phytoconstituents/secondary metabolites like ketones, terpenoids, aldehydes, 

flavones, carboxylic acids, and amides, etc., which demonstrate excellent abilities to reduce 

metal salts into nanomaterials [4, 21]. These molecules serve a dual purpose in forming 

nanomaterials by functioning as reducing and capping agents to ensure the NP's stability and 
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biocompatibility, thereby preventing the need for additional chemical reducing and capping 

agents [22]. Although the exact underlying process for the formation of metal oxide 

nanomaterials from plant extracts is not yet completely understood, the process typically 

involves the bio-reduction of metal ions/alts, followed by nucleation, Ostwald ripening, and 

ultimately influencing the eventual form of nanomaterial during the termination phase [4]. 

In this regard, Annona reticulata leaf and fruit are used to prepare ZnO NPs. Annona 

reticulata (family: Annonaceae), also called bullock's heart, is a tropical plant widely found in 

India [23,24]. It is prominent in Ayurvedic medicine due to its therapeutic benefits [25]. 

Moreover, the pharmacological evaluation of A. reticulata leaves demonstrates antioxidative 

and antimicrobial properties against various human pathogenic strains [26]. Numerous 

phytochemicals like phenolics, flavonoids, and flavanols in A. reticulata leaves and fruits 

constitute an excellent source of natural antioxidants as an efficient free radicle scavenger 

[27,28]. In particular, investigations have shown the antibacterial activity of A. reticulata 

leaves against gram-positive bacteria like Bacillus subtilis, Staphylococcus aureus, and 

Staphylococcus epidermidis as well as gram-negative bacteria like E-coli, Pseudomonas 

aeruginosa and Salmonella typhi etc. [29]. In addition, fruit extracts were found to have 

antibacterial properties against E. coli, S. aureus, and K. pneumoniae [30]. These findings 

indicate the possibility of ZnO NPs synthesized from A. reticulata leaf and fruit to possess 

antibacterial and antioxidant properties. Therefore, the present work aims to prepare ZnO 

NPs by the green synthesis method using the aqueous solutions of A. reticulata leaf (L-ZO) 

and fruit (F-ZO) extracts as reducing agents and compared with the pristine ZnO (ZO)  NPs. 

Further, the antibacterial effects and the Vigna radiata seed germination potential of the 

synthesized ZnO NPs are also analyzed. 
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2. Experimental Procedure 

2.1. Sample collection and preparation: 

             Annona reticulata leaves and fruits were collected from the local area of Nagercoil 

(8° 11' 11.328'' N77° 25' 51.3228'' E), Kanyakumari district, Tamil Nadu. The fresh fruit and 

leaves were cleaned with distilled water and dried under sunlight for 20 days. Subsequently, 

they ground with a mixer grinder individually to make a fine powder and kept in an air-tight 

container for further analysis. 

2.2. Preparation of Zinc Oxide (ZnO): 

           Initially, 5 g of Annona reticulata leaf powder was added to 100 ml of double distilled 

water and boiled at 100°C till the amount was reduced to 50 ml. The product is then filtered 

using Whatman filter paper 1. Simultaneously, 8.26 gm of zinc sulphate is mixed in 75 ml of 

double distilled water and stirred for 3 hours. Then, drop the leaf extract solution into the 

above solution. Further, 3.5 ml of ammonia solution is added to the above mixture and 

centrifuged at 15000 rpm for 15 minutes. The resultant slurry was allowed to dry at 50°C and 

calcinated at 400°C for 2 hours under an N2 atmosphere to get the ZnO-NPs named L-ZO. 

The same experiment was repeated using fruit extract (F-ZO) of Annona reticulata and 

without biomass (ZO).  

2.3 Characterization of synthesized Zinc Oxide (ZnO) nanoparticles:  

       The synthesized Zinc oxide (ZO), A. reticulata leaf (L-ZO), and fruit-assisted Zinc Oxide 

(F-ZO) nanoparticles were characterized by X-ray diffraction (XRD) with Cu Kα (λ=1.5406 

Å) in D8 Advance diffractometer, BRUKER, Fourier Transformation Infrared Spectroscopy 

(FTIR) was done in JASCO FT-IR- 6600 instruments and Field Emission Scanning Electron 

Microscopy (FESEM) was performed with help of Carl Zeiss- Sigma 300 microscope. The 

crystalline nature of nanoparticles was carried out using X-ray diffraction (XRD). The 
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binding energy and stretching vibrations of prepared ZnO-NPs were carried out by FTIR 

spectrum analysis. The size and morphologies of the formed nanoparticle were analyzed 

using Field Emission Scanning Electron microscopy (FESEM).  

2.4. Antimicrobial activity: 

     Antimicrobial activity of the green (Fruit and Leaf mediated) and chemically synthesized 

ZnO NPs was carried out by agar well diffusion method[31] against the bacterial strains, 

namely Staphylococcus aureus, Enterococcus faecalis, Klebsiella pneumoniae, Pseudomonas 

aeruginosa, and Escherichia coli followed by Muller-Hinton agar (MHA), according to the 

guidelines of Clinical and Laboratory Standards Institute (CLSI). The MHA agar plates were 

evenly swabbed with overnight cultures of respective bacterial strains by rotating the plate at 

a 60° angle to ensure a homogeneous distribution of the inoculums. Using a sterile cork borer, 

wells (6 mm) were created in each petri plate. The 6 mm wells were made with a sterile cork 

borer. Then varied concentrations (25, 50, 75, 100 µg) of various concentrations of ZnO (leaf-

mediated ZnO NPs and Fruit-mediated ZnO NPs) were loaded in the well with standard 

antibiotics streptomycin (20 µg/ml) as control. Then, the agar plates were kept in an incubator 

at 37 °C for 18 hrs. After incubation, a clear zone around the wells was observed and 

measured.  

2.5. Seed germination activity: 

        Mung seeds(Vigna radiata) were sterilized using double distilled water for 10 min to 

ensure surface sterility. Mung seeds were allowed to germinate in a petri dish using different 

concentrations of ZnO-NPs (2.5 mg, 25 mg, 50 mg) for all ZO, L-ZO, and F-ZO samples. 

The seeds were checked for germination, and shoot lengths were calculated for all the days 

and all the concentrations.  
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3. Results and Discussion 

3.1. X-ray Diffraction Analysis (XRD) 

The powder XRD pattern of Zinc Oxide particles prepared with and without Annona 

Reticulata fruit and leaf extract is shown in Figure 1. The XRD pattern shows the sharp and 

intense peaks around the mean position 31.7°, 34.4°, 36.2°, 47.5°, 52.76°, 56.5°, 59.5°,62.9°, 

66.3°, 67.9°, 69°, 72.6°, and 76.9° corresponds to (010), (002), (011), (012), (003), (110), 

(111), (013), (020), (112), (021), (004) and (022) respectively. These peaks are indexed to a 

hexagonal Wurtzite structure that agrees with JCPDS 89-1397. The unidentified phases are 

denoted with (*) at 37.2°, 39.5°, 42.80°, 49.5°, 52.42°, 54° and 54.8°. The prepared extract 

shows the secondary phase formation in ZO and FZO. The leaf-derived extract revealed the 

pure Zinc oxide particles. 

 

Figure 1: Rietveld Refinement of the prepared ZnO nanoparticles (a) ZO (b) LZO (c) FZO 

using the Thompson-Cox-Hastings pseudo-Voigt - Axial divergence asymmetry.  

It is evident from the figure that ZO represents relatively sharp and distinguished peaks for 

(100), (002), and (101) planes. In addition to extract, the presence of functional groups has 

restricted the growth of crystallites on annealing. This shows the order of crystallinity 

decreased severely in L-ZO, leading to the pure ZnO phase. Unlike Leaf extract, the ZnO 

nanoparticles prepared without extract and fruit-derived extract exhibited a minor secondary 
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phase indicated with (*). Rietveld refinement was performed to understand the structural 

changes in the prepared ZnO particles and the lattice constants tabulated in Table 1.     

Table 1: Rietveld refinement lattice parameters for the prepared samples 

Sample 

a 

A° 

b 

A° 

c 

A° 

α=β 

(degree) 

 

(degree) 

Volume 

(A°)3 

Rp Rwp χ2 

ZO 3.2478 3.2478 5.2040 90.0 120 47.539 9.10 13.2 15.8 

FZO 3.2524 3.2524 5.1996 90.0 120 47.6335 11.4 14.4 16.3 

LZO 3.2529 3.2529 5.2046 90.0 120 47.6943 4.57 6.02 3.12 

 

 Furthermore, in the indexed ZnO phase, the structural parameters are calculated using 

equations (1-7)  

          ------------------ (1) 

             ---------------- (2) 

             ------------------ (3) 

                ------------------ (4) 

         ------------------ (5) 

          -------------- (6) 

   ------------ (7) 
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Where, M is the molar mass of ZnO, N is the Avogadro number (6.023  1023 particle /mol), a 

is lattice constant, θ is the Bragg angle, β is FWHM and E denotes the Young's Modulus of 

Zinc Oxide (128 GPa). 

Table 2: Estimated Structural Parameters of the prepared ZnO particles. 

 

DX = 6.31  104 kg/m3 

The above parameters determine the structural characteristics like micro strain(ε) , stress(SF), 

dislocations density (δ) and the X-ray density (Dx) of ZnO. Therefore, solving the equation 1, 

gives about the crystallite size of the material. Even though there were no significant changes 

observed in d-spacing, the crystallite size of LZO (7.79 nm) and FZO (11.53 nm) are 

restricted to less than 50% of ZO (23.12 nm) in (100) plane. A peak broadening along all 

planes is indicative of decreased crystallite size in LZO and FZO. Therefore, it is evident that 

the functional groups in the extract acted as both a capping agent and an agent controlling 

crystallinity.   It is also inferred from the tabulated values that the σ stress of LZO is 

Sample Name Plane d- 

spacing 

(Å) 

D 

(nm) 

n 10-22 δ  10-15  

Kg/m3 

ε  10-3  

(Kg/m3)-2 

σ stress 

( 108 Pa) 

SF 

ZO 

 
 

100 2.8127 23 1.74 1.87 1.499 1.918 0.4741 

002 2.6020 14 2.87 5.07 2.471 3.162 0.4544 

101 2.4744 19 2.07 2.62 1.777 2.274 0.4420 

LZO 

 
 

100 2.8171 7 5.19 16.46 4.448 5.693 0.4745 

002 2.6023 6 6.51 25.83 5.572 7.132 0.4544 

101 2.4774 6 6.68 27.20 5.717 7.318 0.4423 

FZO 

 
 

100 2.8166 11 3.50 7.52 3.006 3.848 0.4744 

002 2.5998 6 6.07 22.53 5.204 6.660 0.4542 

101 2.4766 7 5.31 17.27 4.556 5.832 0.4422 
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relatively more stress with 5.693  108 Pa whereas  1.918  108 Pa on the (100) plane. 

Correspondingly, the increased microstrain for LZO could be observed, further confirming 

the stress the particles experienced from the extract. Similarly, for the (002) and (101) planes, 

the increasing order of σ insists that the extract executes the residual stress along the 

respective planes. The value n represents the number of unit cells present, considering the 

shape of the particles is spherical. Since the severity of the fruit extract inflicts stress on the 

crystallite of ZnO, it is restricted and minimal. Hence, there is a similar formation of 

secondary phases in ZnO without extract. The Rietveld method utilized the least square 

refinement for the experimental and calculated pattern, which shows a good fit in LZO. The 

X2 of the ZO and FZO is high due to the unidentified secondary phases.  

 

3.2. Fourier Transform Infrared (FTIR) Spectroscopic analysis 

The Fourier Transform Infrared (FT-IR) spectroscopy was used to spot the functional 

groups in the synthesized ZnO nanoparticles. FTIR spectra of F-ZO (Fig.2a) exhibited a 

strong, broad peak with a maximum at 3412 and 3329 cm-1, indicating the O-H stretching 

modes of vibration in the hydroxyl functional groups in alcohols and phenolic compounds 

[32]. The peak at 2349 cm-1 is attributed to the free -C=O group [33], while the peak at 1624 

cm-1 denotes C=C stretching [34]. The band at 617 cm-1 is due to the bending vibration of the 

O-H group [35]. The spectra of L-ZO (Fig. 2.b) had strong absorption peaks at 3309 cm-1, 

indicating O-H stretching vibrations [36] and 1620 cm-1 denoting the C=O stretching 

vibration [37]. The band at 2347 cm-1 indicates alkanes [38] and the peaks at 738 cm-1 and 

619 cm-1 infer Zn-O stretching [39-41]. Spectra of ZO (Fig. 2.c) have prominent peaks at 

3444 cm-1 and 617 cm-1, denoting stretching and bending vibrations of the O-H group 

[42,35]. The band at 1622 cm-1 corresponds to the primary amide bond of a protein due to 

carbonyl stretching [43], and the peak at 1130 cm-1 denotes the C=O stretching of the alcohol 
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group [44]. The peak at 1056 cm-1 is attributed to the C-NH2 primary aliphatic amines [45]. 

The peak at 962 cm-1 is assigned to vibrations of the C-O group [46], while the peak at 617 

cm-1 is attributed to the bending vibration of the O-H group [35]. These hydroxyl, carbonyl, 

and amine groups act as powerful natural reducing, capping, and stabilizing agents, which 

play a vital role in the reduction of the Zn+ ions [47-49].  

 

Figure 2. FTIR spectra of Zinc oxide (ZnO), A. reticulata-assisted Zinc Oxide (ZnO-L), 
and A. reticulata fruit-assisted Zinc Oxide (ZnO-F) 

 

The functional groups on ZnO NPs surface have been shown to influence their 

antibacterial properties [1]. The hydroxyl groups were more prominent in all three kinds of 

ZnO NPs. Various reports have indicated that hydroxyl groups in ZnO NPs modulate the 
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photocatalytic processes in zinc oxide by producing antimicrobial superoxide radicals 

[1,50,51]. Moreover, carbonyl groups have been found to have a greater capacity to bind the 

surface of nanomaterials to produce a layer of covering and to avoid agglomeration [52]. 

 

3.3. Field Emission Scanning Electron Microscopy (FESEM) analysis 

  The FESEM images of three different zinc oxide nanoparticles with different 

magnifications are shown in Figure 3-5. The obtained FESEM images of ZO (Figure 3) 

indicated an irregular morphology characterized by plate-like structures and a few sharp-

edged needle-like particles. The NPs exhibited a broad range of particle sizes spanning from 

200 nm – 2µm with significant aggregation and non-uniform distribution. The FESEM 

images of L-ZO showed an agglomerated morphology with a size distribution ranging 

between 100 – 200 nm. The nanoparticles displayed aggregation and formed clusters 

characterized by a relatively spherical morphology. FESEM images of F-ZO showed particles 

with a size range between 300-500 nm with no distinct boundaries between individual 

particles. The particles were agglomerated and formed large clusters with irregular shapes 

and sizes. The increase in size may be due to the overlapping of particles on each other. 

Moreover, our results also corroborate with other reports [53].  
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Figure 3. FESEM images of (a, b) Zinc Oxide, (c, d)  A. reticulata Leaf, and (e, f)  A. reticulata fruit-assisted Zinc Oxide nanoparticles with 

different magnifications.   
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3.4. Antibacterial activity  

In recent decades, antibacterial resistance has been a major problem worldwide. The 

plant-derived nanoparticles may possess more biologically active compounds and therapeutic 

agents [54]. Besides, green-mediated synthesis is beneficial to the environment and non-toxic 

to the organisms surrounding us. In the present study, the antibacterial activity of leaf-derived 

and fruit-derived ZnO NPs and chemically synthesized ZnO NPs was studied against gram-

positive bacteria (Staphylococcus aureus, Enterococcus faecalis) and gram-negative bacteria 

(Klebsiella pneumoniae, Pseudomonas aeruginosa, and Escherichia coli). Fig. 4 and Table 1 

show the growth inhibition results obtained with L-ZO, F-ZO, and ZO NPs. In general, a rise 

in nanoparticle concentration increased the zone of inhibition for ZnO NPs tested against the 

bacterial species, indicating a dose-dependent effect. In this work, Escherichia coli, 

Staphylococcus aureus,  Klebseilla pneumonia, Pseudomonas aeruginosa and Enterococcus 

faecalis exposed to ZnO NPs at various concentrations (25-100 µg). The ZnO alone group 

shows a maximum zone of inhibition observed at 100 µg against Klebseilla pneumonia 

bacteria with 17.8mm compared to the control group (Antibiotic-Steptomycin). Next, the L-

ZnO mediated NPs showed a maximum zone of inhibition (14.7) noted at 100 µg against 

Staphylococcus aureus bacteria and the antimicrobial activity was decreased when compared 

with the control group. On the other hand, the fruit-mediated F-ZnO NPs have a zone of 

inhibition noted at 100 µg against Staphylococcus aureus bacteria (21.1mm). However, in the 

same concentration, Klebsiella pneumonia has a maximum zone of inhibition of 18.1mm, 

compared with the control streptomycin-treated group (Streptomycin 13 mm).   

At 100 µg concentration, fruit-derived zinc oxide (F-ZO) nanoparticles exhibited the 

maximum zone of inhibition compared to leaf-derived zinc oxide (L-ZO) nanoparticles 

against E.coli, S. aureus, K.pneumoniae, and P.aeruginosa. However, against S. aureus, F-ZO 

showed a comparable zone of inhibition at 100 µg (21.1 mm) compared to antibiotic 



16 

 

streptomycin (21.8 mm), and interestingly, for K. pneumoniae F-ZO exhibited even a higher 

zone of inhibition diameter of 16.9 mm at 50 µg surpassing streptomycin's activity value of 

13.0 mm. This highlights the potential of fruit-derived ZnO nanoparticles as an alternative or 

complementary antimicrobial agent. 

Nanomaterials seem efficient against various strains, although their efficacy against 

specific strains might vary considerably [6]. S. aureus consistently showed more 

susceptibility to the ZnO NPs, indicated by larger zones of inhibition. Among the three 

different kinds, fruit-derived ZnO NPs showed a considerable increase in the zone of 

inhibition against all bacterial species except E. faecalis, for which the zone of inhibition was 

the lowest and remained the same (9.6 mm) irrespective of NPs concentrations.  

The antibacterial activity observed in ZnO NPs by green synthesis could be attributed 

to the presence of plant constituents possessing antibacterial properties. Reports have shown 

the superior antimicrobial effectiveness of green synthesized nanoparticles in comparison to 

their commercially available counterparts [55, 56]. In a study by Aher and team, methanol 

and chloroform extracts of Annona reticulata fruit showed significant antibacterial effects 

against S. aureus, E. coli, K. pneumoniae, and P. aeruginosa strains. This property has been 

reported due to the occurrence of phytochemicals in the fruit extracts [57]. In another study, 

alcoholic solvent extracts were used for both dry and fresh A. reticulata fruit peel extracts 

showed noteworthy antibacterial activity against S. aureus and P. aeruginosa [58]. 

Likewise, the antibacterial activity of leaf-derived ZnO NPs could be due to 

phytochemicals. Phytochemical screening of A. reticulata leaf extracts has indicated that 

alkaloids, tannins, steroids, terpenoids, and coumarins can cause antibacterial activity. 

Moreover, in a previous study, ZnO NP has been proposed as a substitute for antibiotics since 

it is non-toxic to healthy cells even at 100 µg/ml [12]. Even though the antibacterial property 
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of ZnO NPs has been linked to various factors, the precise toxicity mechanism is not fully 

elucidated. The most distinct mechanisms proposed are the straight contact of ZnO NPs with 

bacterial cell walls, the destruction of bacterial cell integrity, and the release of antimicrobial 

ions, primarily Zn2+ ions. The released Zn2+ ions significantly inhibit active transport, disrupt 

amino acid metabolism, and interfere with enzyme systems. The development of reactive 

oxygen species has been identified as another prominent factor. Reactive species can 

penetrate the bacterial cell membrane and cause damage to essential cellular components 

such as lipids, DNA, and proteins [1].  

Usually, the bacteria comprise cell walls, membranes, and inner cytoplasm. The cell 

wall plays a pivotal role in maintaining the cytoplasm's osmotic pressure and gives the 

organism shape. The cellular organelles in the bacteria are actively involved in the 

metabolism, growth, and replication. The cytoplasm of bacteria consists of carbohydrates, 

proteins, nucleic acids, salts, ions, and water (Fu et al., 2005). The ZnO NPs penetrate the cell 

wall and produce membrane integrity, which enters into the cytosol of bacteria to produce 

DNA replication, reduced ATP synthesis, and mitochondrial oxidative stress, leading to 

cellular death. In the current study, one possible mechanism contributing to the enhanced 

antibacterial property of ZnO NPs could be the presence of an abundance of O-H (hydroxyl) 

groups, as indicated by the FTIR spectra. The hydroxyl groups could produce reactive 

oxygen species through photocatalytic reactions or by interaction with the bacterial cells. The 

production of hydroxyl radical (OH) and H2O2 internalization within the bacterial cell 

membrane causes lipids, DNA, and protein degradation, contributing to their toxicity [1]. 

However, further scientific investigation is required to elucidate the precise mechanism 

involved. 
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Figure 4. The antibacterial activity studies of ZO, L-ZO, and F-ZO nanoparticles against (a-c) E. Coli, (d-f) Staphylococcus aureus, (g-i) 

Klebsiella pneumoniae, (j-l) Pseudomonas aeruginosa, and (m-o) Enterococcus faecalis bacteria. 
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Table 1: Zone of inhibition parameters against various bacteria 

Sample 
Name 

Concentration 
(µg) 

 

Zone of inhibition (mm) 

E.coli Staphylococcus 

aureus 

Klebsiella 

pneumoniae 

 

Pseudomonas 

aeruginosa 

 

Enterococcus 

faecalis 

ZO 25 11.1 12.4 10.0 10.0 11.3 
50 13.6 16.5 15.2 11.3 11.5 
75 14.7 16.5 15.0 12.2 11.5 

100  15.2 16.8 17.8 12.2 12.5 
Streptomycin 

20µg/ml 
25.8 22.0 12.0 22.9 18.9 

L-ZO 25 10.6 12.5 10.9 10.4 11.5 
50 11.4 13.9 11.7 10.4 11.7 
75 12.3 14.4 12.8 11.8 11.7 

100  12.7 14.7 13.6 12.8 12.2 
Streptomycin 

20µg/ml 
24.5 20.5 14.3 19.5 20.1 

F-ZO 25 13.3 11.6 12.2 10.4 9.6 
50 17.8 13.4 16.9 12.6 9.6 
75 20.4 18.5 17.7 13.6 9.6 

100  20.7 21.1 18.1 13.7 9.6 
Streptomycin 

20µg/ml 
 

25.3 21.8 13.0 22.4 18.6 

 

3.6. Effect of ZnO NPs on seed germination  

The germination of Vigna radiata seeds under the influence of ZO, F-ZO, and L-ZO 

nanoparticles and the observed shoot length of the plant is given in Table 2 and Fig. 5. Three 

kinds of NPs favoured seed germination at lesser concentrations but reduced seedling growth 

at elevated concentrations. A concentration of 2.5 mg showed a higher seed growth, whereas 

50 mg showed the lowest growth in measured shoot length. Similar trends in seed 

germinations have been observed in other investigations. For instance, in a study by De la 

Rosa and team [59], ZnO NPs positively influenced tomato and wheat seed germination and 

growth parameters at lower concentrations. However, increased concentrations resulted in a 

decrease in these parameters. Similarly, Khanm et al. (2018) highlighted that treatment with 
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lower concentrations of nano-ZnO yielded better results [15]. ZnO NPs in comparatively low 

concentrations enhanced germination and seedling growth in most species studied, whereas 

high concentrations of these nanoparticles adversely impacted seedlings [60]. 

The highest seed germination was observed in green synthesized ZnO NPs (26cm). 

However, L-ZO and F-ZO exhibited almost similar impacts on seed germination. From Day 4 

to Day 6, regardless of the nanoparticle type or concentration, there is typically an increase in 

seed germination and shoot length. Overall, these findings indicate that ZO nanoparticles, as 

well as L-ZO and F-ZO nanoparticles to some extent, can influence seed germination and 

plant growth. The effects vary depending on the concentration of nanoparticles, with lower 

concentrations potentially stimulating growth.  

Zinc has a role in initiating various biochemical modifications in seeds to begin 

germination, including breaking dormancy, hydrolysis, imbibition, and enzyme activation 

[61-63]. ZnO NPs have been shown to improve and synchronize germination, and it has 

previously been established that zinc plays a crucial role in the metabolism of carbohydrates 

and proteins [64]. Previous findings have shown that ZnO NPs can enhance the radical and 

plumule length of seeds since zinc is essential for the biosynthesis of endogenous hormones, 

including auxins and gibberellins [63,65,66]. In another study, Nano priming ZnO NPs for 

wheat seed germination improved seed water assimilation, increasing α-amylase activity. 

Significant increases were seen in the concentration of photosynthetic pigments in ZnO 

nanoprimed plants [63]. However, further investigation is required to determine whether ZnO 

NPs derived from A. reticulata extracts have any specific influence on seed germination. 
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Figure 5. The representative photographic images of Vigna radiata seed germination on 

various days.   

Table -2. The measured shoot length of Vigna radiata  

Sample 
Concentration 

(g) 

Length (cm) 

Day 4 Day 5 Day 6 

ZO 
2.5 16 18 24.5 
25 13 15 20 
50 7 14 21 

L-ZO 
2.5 15 20 26 
25 13 17 19 
50 5 11 15 

F-ZO 
2.5 16 18 26 
25 10 12 17 
50 6 8 15 
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4. Conclusion 

In this article, we have investigated the antibacterial, antioxidant, and seed 

germination perspective of zinc oxide nanoparticles synthesized using a green strategy from 

Annona reticulata leaf and fruit extracts, as well as chemical synthesis. The FESEM analysis 

of ZnO NPs synthesized using the chemical approach revealed an irregular morphology 

characterized by the presence of plate-like and needle-like structures. The leaf-derived ZnO 

NPs demonstrated a relatively spherical morphology, while the fruit-derived ZnO NPs 

displayed an irregular morphology. Aggregation of nanoparticles was observed in all three 

kinds of nanoparticles. The three kinds of NPs favoured seed germination at lesser 

concentrations, but the germination rate decreased at higher concentrations. The green 

synthesized ZnO NPs exhibited the highest seed germination rate, demonstrating their 

influence on plant growth. The results of the antibacterial study exhibited a considerable 

broad-spectrum inhibition effect against five clinical bacterial pathogens, with the highest 

zone of inhibition exhibited by fruit-derived ZnO NPs. Furthermore, both fruit and leaf-

derived ZnO NPs demonstrated enhanced antioxidant properties. Hence, these ZnO NPs 

obtained by a simple and cost-effective strategy could be used as promising candidates for 

enhanced antibacterial, antioxidant, and seed germination effects.  

Ethics declarations 

Ethical Approval 

Not applicable. 

Competing Interests 

Not Applicable. 

Research Involving Humans and Animals Statement 

Not Applicable. 



23 

 

Funding 

 Not Applicable. 

References 

[1].Sirelkhatim, A., Mahmud, S., Seeni, A., Kaus, N. H., Ann, L. C., Bakhori, S. K., Hasan, 

H., & Mohamad, D. (2015). Review on zinc oxide nanoparticles: Antibacterial activity and 

toxicity mechanism. Nano-Micro Letters, 7(3), 219-242. 

[2].Zhang, Y., Nayak, T., Hong, H., & Cai, W. (2013). Biomedical applications of zinc oxide 

nanomaterials. Current Molecular Medicine, 13(10), 1633-1645. 

[3].Jiang, J., Pi, J., & Cai, J. (2018). The advancing of zinc oxide nanoparticles for 

biomedical applications. Bioinorganic Chemistry and Applications, 2018, 1-18. 

[4].Singh, J., Dutta, T., Kim, K., Rawat, M., Samddar, P., & Kumar, P. (2018). 'Green' 

synthesis of metals and their oxide nanoparticles: Applications for environmental 

remediation. Journal of Nanobiotechnology, 16(1).  

[5].Fair, R. J., & Tor, Y. (2014). Antibiotics and bacterial resistance in the 21st century. 

Perspectives in Medicinal Chemistry, 6, PMC.S14459.  

[6].Gudkov, S. V., Burmistrov, D. E., Serov, D. A., Rebezov, M. B., Semenova, A. A., & 

Lisitsyn, A. B. (2021). A mini review of antibacterial properties of ZnO nanoparticles. 

Frontiers in Physics, 9. 

[7].Abebe, B., Zereffa, E. A., Tadesse, A., & Murthy, H. C. (2020). A review on enhancing 

the antibacterial activity of ZnO: Mechanisms and microscopic investigation. Nanoscale 

Research Letters, 15(1).  

[8].Maleki Dizaj, S., Mennati, A., Jafari, S., Khezri, K., & Adibkia, K. (2015). Antimicrobial 

activity of carbon-based nanoparticles. Advanced Pharmaceutical Bulletin, 5(1), 19–23. 

[9].Azam, A., Ahmed, Oves, Khan, Habib, & Memic, A. (2012). Antimicrobial activity of 

metal oxide nanoparticles against Gram-positive and Gram-negative bacteria: A comparative 

study. International Journal of Nanomedicine, 6003.  

[10].Souza, R. C., Haberbeck, L. U., Riella, H. G., Ribeiro, D. H., & Carciofi, B. A. (2019). 

Antibacterial activity of zinc oxide nanoparticles synthesized by solochemical process. 

Brazilian Journal of Chemical Engineering, 36(2), 885-893.  

[11].El-Masry, R. M., Talat, D., Hassoubah, S. A., Zabermawi, N. M., Eleiwa, N. Z., Sherif, 

R. M., Abourehab, M. A., Abdel-Sattar, R. M., Gamal, M., Ibrahim, M. S., & Elbestawy, A. 



24 

 

(2022). Evaluation of the antimicrobial activity of ZnO nanoparticles against Enterotoxigenic 

staphylococcus aureus. Life, 12(10), 1662. 

[12] Siddiqi, K. S., Ur Rahman, A., Tajuddin, & Husen, A. (2018). Properties of zinc oxide 

nanoparticles and their activity against microbes. Nanoscale Research Letters, 13(1).  

[13].Misra, A., Srivastava, A. K., Srivastava, N. K., & Khan, A. (2005). Zn-acquisition and its 

role in growth, photosynthesis, photosynthetic pigments, and biochemical changes in 

essential monoterpene oil(s) of pelargonium graveolens. Photosynthetica, 43(1), 153-155.  

[14].Laity, J. H., Lee, B. M., & Wright, P. E. (2001). Zinc finger proteins: New insights into 

structural and functional diversity. Current Opinion in Structural Biology, 11(1), 39-46. 

[15].Khanm, H., Vaishnavi, B., & Shankar, A. (2018). Raise of nano-fertilizer era: Effect of 

Nano scale zinc oxide particles on the germination, growth and yield of tomato (Solanum 

lycopersicum). International Journal of Current Microbiology and Applied Sciences, 7(05), 

1861-1871.  

[16].Panwar J., Jain N., Bhargaya A., Akthtar M.S., Yun Y.-S. (2012). Positive Effect of Zinc 

Oxide Nanoparticles on Tomato Plants: A Step towards Developing "Nano-Fertilizers." 

Energy & Enviromnent-Sustainable Technologies for a Greener Future. Proceedings of the 

3rd International Conference on Environmental Research and Technology. 

[17].Eisvand, H. R., Kamaei, H., & Nazarian, F. (2018). Chlorophyll fluorescence, yield and 

yield components of bread wheat affected by phosphate bio-fertilizer, zinc and boron under 

late-season heat stress. Photosynthetica, 56(4), 1287-1296.  

[18].Tymoszuk, A., & Wojnarowicz, J. (2020). Zinc oxide and zinc oxide nanoparticles 

impact on in vitro germination and seedling growth in allium cepa L. Materials, 13(12), 2784. 

[19].Andrejić, G., Gajić, G., Prica, M., Dželetović, Ž., & Rakić, T. (2018). Zinc 

accumulation, photosynthetic gas exchange, and chlorophyll a fluorescence in zn-stressed 

Miscanthus × giganteus plants. Photosynthetica, 56(4), 1249-1258. 

[20].Iravani, S. (2011). Green synthesis of metal nanoparticles using plants. Green Chemistry, 

13(10), 2638.  

[21].Agarwal, H., Venkat Kumar, S., & Rajeshkumar, S. (2017). A review on green synthesis 

of zinc oxide nanoparticles – An eco-friendly approach. Resource-Efficient Technologies, 

3(4), 406-413.  

[22].Murali, M., Anandan, S., Ansari, M. A., Alzohairy, M. A., Alomary, M. N., Asiri, S. M., 

Almatroudi, A., Thriveni, M. C., Singh, S. B., Gowtham, H. G., Aiyaz, M., Srinivasa, C., 

Urooj, A., & Amruthesh, K. N. (2021). Genotoxic and cytotoxic properties of zinc oxide 



25 

 

nanoparticles phyto-fabricated from the obscure morning glory plant ipomoea obscura (L.) 

Ker Gawl. Molecules, 26(4), 891.  

[23].Selvam, K., Allam, A. A., Ajarem, J. S., Sudhakar, C., Selvankumar, T., Senthilkumar, 

B., & Kim, W. (2022). Annona reticulata leaves-assisted synthesis of zinc oxide nanoparticles 

and assessment of cytotoxicity and photocatalytic impact. Materials Letters, 309, 131379. 

[24].Parthiban, E., Manivannan, N., Ramanibai, R., & Mathivanan, N. (2019). Green 

synthesis of silver-nanoparticles from Annona reticulata leaves aqueous extract and its 

mosquito larvicidal and antimicrobial activity on human pathogens. Biotechnology Reports, 

21, e00297. 

[25].Jamkhande, P. G., & Wattamwar, A. S. (2015). Annona reticulata Linn. (Bullock's heart): 

Plant profile, phytochemistry and pharmacological properties. Journal of Traditional and 

Complementary Medicine, 5(3), 144-152.  

[26].Jamkhande, P. G., Wattamwar, A. S., Kankudte, A. D., Tidke, P. S., & Kalaskar, M. G. 

(2016). Assessment of Annona reticulata Linn. leaves fractions for invitro antioxidative effect 

and antimicrobial potential against standard human pathogenic strains. Alexandria Journal of 

Medicine, 52(1), 19-25.  

[27].Chowdhury, S. S., Tareq, A. M., Tareq, S. M., Farhad, S., & Sayeed, M. A. (2021). 

Screening of antidiabetic and antioxidant potential along with phytochemicals of Annona 

genus: A review. Future Journal of Pharmaceutical Sciences, 7(1).  

[28].Bhardwaj, A., Satpathy, G., & Gupta, R. K. (2014). Preliminary screening of 

nutraceutical potential of Annona squamosa, an underutilized exotic fruit of India and its use 

as a valuable source in functional foods. Journal of Pharmacognosy and Phytochemistry, 3(2), 

172–180.  

[29].Padhi, L.P., Panda, S.K., Satapathy, S.N. and Dutta, S.K. (2011). In vitro evaluation of 

antibacterial potential of Annona squamosa L. and Annona reticulata L. from Similipal 

Biosphere Reserve, Orissa, India. Journal Agricultural Technology 7(1): 133-142. 

[30].Al-Deen, F. M. (2017). Evolution of antibacterial activity of various solvents extracts of 

Annona Squamosa fruit. Iraqi Journal of Science, 58(4C).  

[31] Sudhakar, C. Poonkothai, M.,  Selvankmuar, T. Selvam, K. Rajivgandhi, G., Siddiqi, 

M.Z., Shine, N.S Kadaikunnan,Vijayakumar, N., (2021). Biomimetic synthesis of iron oxide 

nanoparticles using Canthium coromandelicum leaf extract and its antibacterial and catalytic 

degradation of Janus green. Inorganic Chemistry Communications, 133, November, 108977. 



26 

 

[32].Mankad, M., Patil, G., Patel, S., Patel, D., & Patel, A. (2016). Green synthesis of zinc 

oxide nanoparticles using Azadirachta indica A. Juss. leaves extract and its antibacterial 

activity against Xanthomonas orzyae pv. oryzae. Annals of Phytomedicine: An International 

Journal, 5(2), 76-86. 

[33].Saputra, I. S., & Yulizar, Y. (2017). Biosynthesis and characterization of ZnO 

nanoparticles using the aqueous leaf extract ofImperata cylindrica L. IOP Conference Series: 

Materials Science and Engineering, 188, 012004. 

[34].Vijayakumar, S., Mahadevan, S., Arulmozhi, P., Sriram, S., & Praseetha, P. (2018). 

Green synthesis of zinc oxide nanoparticles using Atalantia monophylla leaf extracts: 

Characterization and antimicrobial analysis. Materials Science in Semiconductor Processing, 

82, 39-45. 

[35].Tiwari, A. K., Jha, S., Singh, A. K., Mishra, S. K., Pathak, A. K., Ojha, R. P., Yadav, R. 

S., & Dikshit, A. (2022). Innovative investigation of zinc oxide nanoparticles used in 

dentistry. Crystals, 12(8), 1063.  

[36].Roy, S., Kim, H. C., Panicker, P. S., Rhim, J., & Kim, J. (2021). Cellulose nanofiber-

based Nanocomposite films reinforced with zinc oxide Nanorods and grapefruit seed extract. 

Nanomaterials, 11(4), 877. 

[37].Ahmad, W., & Kalra, D. (2020). Green synthesis, characterization and antimicrobial 

activities of ZnO nanoparticles using euphorbia hirta leaf extract. Journal of King Saud 

University - Science, 32(4), 2358-2364.  

[38].Maruthupandy, M., Zuo, Y., Chen, J., Song, J., Niu, H., Mao, C., Zhang, S., & Shen, Y. 

(2017). Synthesis of metal oxide nanoparticles (CuO and ZnO NPs) via biological template 

and their optical sensor applications. Applied Surface Science, 397, 167-174. 

[39].Kotlhao, K., D.T. Madiseng, M., Mtunzi, F., Pakade, V., Modise, S., Laloo, N., & Klink, 

M. J. (2021). The synthesis of silver, zinc oxide and titanium dioxide nanoparticles and their 

antimicrobial activity. Advanced Materials Proceedings, 2(8), 479-489. 

[40].Birdeanu, M., Fratilescu, I., Epuran, C., Mocanu, L., Ianasi, C., Lascu, A., & Fagadar-

Cosma, E. (2023). Nanomaterials based on collaboration with multiple partners: Zn3Nb2O8 

doped with Eu3+ and/or amino substituted porphyrin incorporated in silica matrices for the 

discoloration of methyl red. International Journal of Molecular Sciences, 24(10), 8920. 

[41].Panneerselvam, A., Rajadurai, V., & Anguraj, B. L. (2019). Removal of nickel from 

aqueous solution using synthesized IL/ZnO NPs. Environmental Science and Pollution 

Research, 27(24), 29791-29803.  



27 

 

[42].MuthuKathija, M., Sheik Muhideen Badhusha, M., & Rama, V. (2023). Green synthesis 

of zinc oxide nanoparticles using Pisonia alba leaf extract and its antibacterial activity. 

Applied Surface Science Advances, 15, 100400.  

[43].Safawo, T., Sandeep, B., Pola, S., & Tadesse, A. (2018). Synthesis and characterization 

of zinc oxide nanoparticles using tuber extract of anchote (Coccinia abyssinica (Lam.) cong.) 

for antimicrobial and antioxidant activity assessment. OpenNano, 3, 56-63.  

[44].Khara, G., Padalia, H., Moteriya, P., & Chanda, S. (2018). Peltophorum pterocarpum 

flower-mediated synthesis, characterization, antimicrobial and cytotoxic activities of ZnO 

nanoparticles. Arabian Journal for Science and Engineering, 43(7), 3393-3401.  

[45].Kumar, N., Bhadwal, A. S., Garg, M., Sharma, R., Singh, S., & Mizaikoff, B. (2017). 

Photocatalytic and antibacterial biomimetic ZnO nanoparticles. Analytical Methods, 9(33), 

4776-4782.  

[46].Sui, X., Shao, C., & Liu, Y. (2007). Photoluminescence of polyethylene oxide–zno 

composite electrospun fibers. Polymer, 48(6), 1459-1463.  

[47].Naseer, M., Aslam, U., Khalid, B., & Chen, B. (2020). Green route to synthesize zinc 

oxide nanoparticles using leaf extracts of cassia fistula and melia azadarach and their 

antibacterial potential. Scientific Reports, 10(1).  

[48].Abdelmigid, H. M., Hussien, N. A., Alyamani, A. A., Morsi, M. M., AlSufyani, N. M., & 

Kadi, H. A. (2022). Green synthesis of zinc oxide nanoparticles using pomegranate fruit peel 

and solid coffee grounds vs. chemical method of synthesis, with their biocompatibility and 

antibacterial properties investigation. Molecules, 27(4), 1236.  

[49].Saridewi, N., Adinda, A. R., & Nurbayti, S. (2022). Characterization and antibacterial 

activity test of green synthetic ZnO nanoparticles using avocado (Persea americana) seed 

extract. Jurnal Kimia Sains dan Aplikasi, 25(3), 116-122.  

[50].Mendes, C. R., Dilarri, G., Forsan, C. F., Sapata, V. D., Lopes, P. R., De Moraes, P. B., 

Montagnolli, R. N., Ferreira, H., & Bidoia, E. D. (2022). Antibacterial action and target 

mechanisms of zinc oxide nanoparticles against bacterial pathogens, Scientific Reports, 12, 

2658. 

[51].Gnanamozhi, P., Renganathan, V., Chen, S., Pandiyan, V., Antony Arockiaraj, M., 

Alharbi, N. S., Kadaikunnan, S., Khaled, J. M., & Alanzi, K. F. (2020). Influence of nickel 

concentration on the photocatalytic dye degradation (methylene blue and reactive red 120) 

and antibacterial activity of ZnO nanoparticles. Ceramics International, 46(11), 18322-18330. 



28 

 

[52].Elumalai, K., Velmurugan, S., Ravi, S., Kathiravan, V., & Adaikala Raj, G. (2015). Bio-

approach: Plant mediated synthesis of ZnO nanoparticles and their catalytic reduction of 

methylene blue and antimicrobial activity. Advanced Powder Technology, 26(6), 1639-1651. 

[53] Shah Faisal, Hasnain Jan, Sajjad Ali Shah, Sumaira Shah, Adnan Khan, Muhammad Taj 

Akbar, Muhammad Rizwan,# Faheem Jan, Wajidullah, Noreen Akhtar, Aishma Khattak, and 

Suliman Syed. Green Synthesis of Zinc Oxide (ZnO) Nanoparticles Using Aqueous Fruit 

Extracts of Myristica fragrans: Their Characterizations and Biological and Environmental 

Applications. ACS Omega. 2021 Apr 13; 6(14): 9709–9722. 

[54] S. Kanimozhi, Muruganandham Hariram, Ganesan.V Phd, Singaravelu Vivekanandhan, 

Exploring Azadirachta indica Gum as the Sustainable Fuel in Combustion Process for the 

Synthesis of ZnO Nanoparticles with Antimicrobial and Antioxidant Potentials. 2023 Nano 

LIFE 13(02). 

[55].Velmurugan, P., Hong, S., Aravinthan, A., Jang, S., Yi, P., Song, Y., Jung, E., Park, J., & 

Sivakumar, S. (2016). Comparison of the physical characteristics of green-synthesized and 

commercial silver nanoparticles: Evaluation of antimicrobial and cytotoxic effects. Arabian 

Journal for Science and Engineering, 42(1), 201-208.  

[56].Gunalan, S., Sivaraj, R., & Rajendran, V. (2012). Green synthesized ZnO nanoparticles 

against bacterial and fungal pathogens. Progress in Natural Science: Materials International, 

22(6), 693-700.  

[57].Aher P. S., Shinde Y.S., & Chavan. P. O. (2012). In vitro evaluation of antibacterial 

potential of Annona Squamosa L. against pathogenic bacteria. International Journal of 

Pharmaceutical Sciences and Research, 3(5), 1457–1460. 

[58].Altaee, M. F., Younis, R. W., & Kamona, Z. K., A. (2020). Activity of Annona Squamosa 

peels extracts against two pathogenic bacteria and two blood cancer cell lines. Iraqi Journal 

of Agricultural sciences, 51(6), 496-1503. 

[59].De la Rosa, G., López-Moreno, M. L., De Haro, D., Botez, C. E., Peralta-Videa, J. R., & 

Gardea-Torresdey, J. L. (2013). Effects of ZnO nanoparticles in alfalfa, tomato, and 

cucumber at the germination stage: Root development and X-ray absorption spectroscopy 

studies. Pure and Applied Chemistry, 85(12), 2161-2174.  

[60].Sarkhosh, S., Kahrizi, D., Darvishi, E., Tourang, M., Haghighi-Mood, S., Vahedi, P., & 

Ercisli, S. (2022). Effect of zinc oxide nanoparticles (ZnO-NPs) on seed germination 

characteristics in two Brassicaceae family species: Camelina sativa and brassica napus L. 

Journal of Nanomaterials, 2022, 1-15. 



29 

 

[61].Harris, D., Rashid, A., Miraj, G., Arif, M., & Shah, H. (2007). 'On-farm' seed priming 

with zinc sulphate solution—A cost-effective way to increase the maize yields of resource-

poor farmers. Field Crops Research, 102(2), 119-127. 

[62].Samad. A., M. J. Khan., Z. Shah and M. T. Jan. 2014. Determination of optimal duration 

and concentration of zinc and phosphorus for priming wheat seed. Sarhad J. Agric. 30(1): 27-

34 

[63].Rai-Kalal, P., & Jajoo, A. (2021). Priming with zinc oxide nanoparticles improve 

germination and photosynthetic performance in wheat. Plant Physiology and Biochemistry, 

160, 341-351.  

[64].Broadley, M. R., White, P. J., Hammond, J. P., Zelko, I., & Lux, A. (2007). Zinc in 

plants. New Phytologist, 173(4), 677-702. 

[65].Cakmak, I. (2008). Enrichment of cereal grains with zinc: Agronomic or genetic 

biofortification? Plant and Soil, 302(1-2), 1-17. 

[66].Prasad, T. N., Sudhakar, P., Sreenivasulu, Y., Latha, P., Munaswamy, V., Reddy, K. R., 

Sreeprasad, T. S., Sajanlal, P. R., & Pradeep, T. (2012). Effect of nanoscale zinc oxide 

particles on the germination, growth and yield of peanut. Journal of Plant Nutrition, 35(6), 

905-927. 

 

 


