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 ABSTRACT- Biologically synthesized nanoparticles have been considered 

environmentally friendly agents for improving plant growth in sustainable agriculture. This 

study aims to evaluate the impacts of biosynthesized zinc oxide nanoparticles (ZnO NPs) on 

plant growth-promoting rhizobacteria and maize (Z. mays L.). ZnO NPs were biosynthesized 

using Bacillus subtilis and Escherichia coli with ZnSO4, Zn(CH3COO)2, and Zn(NO3)2 as zinc 

precursors. The morphological properties of the synthesized ZnO NPs were characterized, and 

their particle sizes ranged from 28 to 600 nm. The results showed that the application of ZnO 

NPs at 0.1 g L–1, particularly those synthesized using ZnSO4 in the presence of B. subtilis and 

E. coli, significantly increased the maize seed germination rate. Basal respiration in the treated 

soils was also significantly enhanced following the application of 0.5 g L–1 ZnSO4 and 

Zn(NO3)2 in the presence of B. subtilis. Minimum inhibitory concentration (MIC) and 

minimum bactericidal concentration (MBC) assays showed that ZnO NPs at 0.625 mg mL–1 

exhibited relatively low bactericidal activity against plant growth-promoting rhizobacteria 

(PGPR). Chemically synthesized ZnO NPs exhibited the strongest inhibitory activity against 

PGPR, whereas ZnO NPs that were biosynthesized with B. subtilis using Zn(NO3)2 showed 

relatively low inhibitory activity at 1.25 mg mL–1. Owing to the greater biocompatibility of 

biologically synthesized ZnO NPs compared to chemically synthesized ZnO NPs, these 

materials may serve as promising zinc fertilizers on zinc-deficient soils at relatively low 

concentrations. 

INTRODUCTION  

Nanotechnology is an emerging field of science with 

applications in various areas, including agriculture, 

pharmaceuticals, wastewater treatment, and soil amendment 

(Omar et al., 2023). The use of nanomaterials as fertilizers 

has received considerable attention as a potential approach 

to promoting sustainable agriculture. Although chemical 

fertilizers can increase crop productivity, their excessive use 

can contribute to the soil and water pollution (Spernetto et 

al., 2020). Therefore, green nanotechnology has emerged as 

a promising approach for developing environmentally 

friendly nanofertilizers that can reduce the reliance on 

conventional chemical fertilizers (Nasrollahzadeh et al., 

2019). Nanoparticles (NPs) have also been investigated as 

potential tools for improving the sustainability of 

agricultural production (Aslam et al., 2022). Among these, 

zinc oxide nanoparticles (ZnO NPs) can be synthesized 

using various biological, chemical, and physical methods 

(Sabir et al., 2020). 

Recently, biological synthesis of NPs has attracted 

considerable attention because it is a simple, cost-effective, 

and environmentally friendly approach (Aslam et al., 2022). 

Bacterial synthesis offers several advantages over other 

biological methods, including ease of cell manipulation and 

rapid growth rates (El-Ghwas, 2022; Hamek et al., 2023). 

Bacteria can synthesize NPs through either extracellular or 

intracellular mechanisms. The extracellular approach is 

generally preferred because of its simpler procedure and 

higher efficiency. Various bacterial species, including A. 

hydrophila, L. sporogenes, P. aeruginosa, and B. 

licheniformis, have been used for the biosynthesis of ZnO 

NPs (Ameen et al., 2021; Al-Kordy et al., 2021). 

Species of Bacillus and Escherichia coli have also been 

widely used for the production of various metabolites and 

NPs (Sohad et al., 2021; El-Nour et al., 2023). Sohad et al. 
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(2021) reported that ZnO NPs synthesized by E. coli formed 

white, clustered spherical structures and exhibited an 

absorption peak at 268 nm. Scanning electron microscopy 

(SEM) revealed particle sizes ranging from 31.55 to 45.9 

nm. El-Nour et al. (2023) used Bacillus subtilis ATCC 6633 

and Zn(NO3)2 as the precursor for the biosynthesis of ZnO 

NPs; transmission electron microscopy revealed spherical 

particles ranging from 13.5 to 30.4 nm in size. Similarly, 

Hamek et al. (2023) reported that ZnO NPs biosynthesized 

by B. subtilis ZBP4 using ZnSO4 as the precursor ranged 

from 22 to 59 nm. 

The properties of NPs can vary depending on the 

bacterial strain used for their synthesis. Furthermore, 

nanoparticle formation and biosynthesis are strongly 

influenced by several factors, including pH, reaction time, 

temperature, and precursor concentration (Fakhari et al., 

2019). Of these factors, precursor concentration largely 

affects nanoparticle biosynthesis (Fakhari et al., 2019). 

With the increasing use of ZnO NPs, their residues in 

the environment are expected to increase continuously 

(Rizvi and Khan, 2018). Environmental concentrations of 

ZnO NPs have been reported to range from 

approximately 100 μg L–1 in water to 1 mg kg–1 in soil 

(Garcia-Gomez et al., 2018). Adverse effects on soil 

microbiota have been observed even at relatively low 

concentrations (< 1 mg kg–1) (Simonin and Richaume, 

2015). Therefore, it is worthwhile to evaluate the effects 

of ZnO NPs on soil microorganisms. 

Most plant growth-promoting rhizobacteria (PGPR) 

belong to the genera such as Rhizobium, Azotobacter, 

Bradyrhizobium, Thiobacillus, Bacillus, Azospirillum, 

Pseudomonas, Burkholderia, Arthrobacter, and 

Agrobacterium (Rizvi and Khan, 2018; Singh et al., 2019; 

Wilpiszeski et al., 2019). Several studies have investigated 

the effects of ZnO NPs on beneficial soil microbiota. Ge et 

al. (2012) reported that ZnO NPs can reduce soil microbial 

biomass. In addition, soil enzyme activity, an important 

indicator of the response of plants and microorganisms to 

environmental stress, can be inhibited by high 

concentrations of ZnO NPs (Kwak et al., 2017; Garcia-

Gomez et al., 2018). 

Although most studies have focused on the adverse 

environmental effects of NPs, fewer have investigated their 

potential beneficial effects on soil microorganisms. Zinc is 

an essential element for both soil microorganisms and plants 

because it is required for the activity of numerous enzymes 

(Tripathi et al., 2015). Beneficial soil bacteria that promote 

plant health and increase crop yield may also contribute to 

the mobilization and availability of micronutrients. In 

addition to directly affecting plant growth, these bacteria 

interact with soil and plant microbiomes, which can 

subsequently influence overall plant health. Therefore, 

investigating the beneficial interactions between ZnO NPs 

and soil bacteria is important for understanding their 

potential applications in sustainable agriculture (Wagner et 

al., 2016; Duhan et al., 2017). 

Maize is the third most important crop worldwide 

(Ranum et al., 2014). Zinc is an essential micronutrient for 

maize, and its deficiency can inhibit plant growth and 

development (Suganya et al., 2020). Seed treatment with 

zinc is a suitable approach for maize because of its relatively 

low zinc requirement and the difficulty of applying zinc at 

the desired concentrations through conventional methods 

(Umar et al., 2021). Among nanoparticle-based fertilizers, 

ZnO NPs have been widely investigated; however, their 

effects on plant growth and yield have been inconsistent 

(Liu et al., 2015). For example, ZnO NPs concentrations of 

400 -800 mg kg–1 reduced maize yield, whereas a 

concentration of 500 mg kg–1 enhanced soybean growth 

(Priester et al., 2012; Zhao et al., 2013). 

ZnO NPs have also been used as a seed-priming 

treatment to improve seed germination and alleviate 

dormancy. They may enhance the growth and 

productivity of agricultural crops by improving seed 

growth parameters, increasing vigor indices and growth 

rates, helping photosynthetic and nitrogen metabolism, 

and promoting syntheses of carbohydrates and proteins 

(Ahmadian et al., 2020). 

Therefore, this study aimed to (1) synthesize ZnO NPs 

using B. subtilis and E. coli with three different zinc salts, 

i.e., zinc sulfate, zinc acetate, and zinc nitrate, as precursors; 

and (2) evaluate the effects of the synthesized ZnO NPs on 

soil respiration and maize growth. 

MATERIALS AND METHODS 

Plant materials 

Maize seeds (Zea mays L. cv. SC 704) were obtained from 

the School of Agriculture, Shiraz University, Shiraz, Iran. 

The seeds were surface-sterilized with 1% NaOCl and air-

dried before cultivation. 

Synthesis of ZnO NPs using bacteria 

Nutrient broth (NB; Merck, Germany) was inoculated 

with Bacillus subtilis ATCC 6633 (NCBI Taxonomy ID: 

703612), provided by the Iranian Research Organization 

for Science and Technology (IROST), Tehran, Iran, and 

Escherichia coli (NCBI Taxonomy ID: 83333), obtained 

from the Department of Food Science and Technology, 

Shiraz University, Shiraz, Iran. The cultures were 

incubated at 37 °C for 24 h. The cultures were then 

centrifuged at 10,000 rpm for 10 min to obtain the 

bacterial supernatants (El-Ghwas, 2022). 

ZnO NPs were synthesized using 100 mL of the 

supernatant from each bacterial culture. The supernatants 

were mixed separately with 100 mL of 0.5 M zinc salt 

solutions (ZnSO4, Zn(NO3)2, and Zn(CH3COO)2) in 250-

mL flasks. The mixtures were heated in a water bath at 80 

°C for 10 min, after which 10% KOH was added. The final 

pH was adjusted to 7.5 using KOH. After removal from the 

water bath, the formation of a white precipitate indicated the 

formation of ZnO NPs. The flasks were then incubated on a 

shaker at 37 °C for 12 h to allow the particles to settle. The 

ZnO NPs were recovered by centrifugation at 10,000 rpm 

for 10 min. The precipitates were collected and washed with 

distilled water, followed by ethanol, to remove residual Zn2+ 

from the particle surfaces. The samples were then dried in 

an oven at 50 °C for 24 h (Sabir et al., 2020; El-Ghwas, 

2022; Hamek et al., 2023; El-Nour et al., 2023). 

Characterization of ZnO NPs 

The synthesized ZnO NPs were characterized using UV–

Visible spectroscopy, transmission electron microscopy, 
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Fourier-transform infrared spectroscopy, and dynamic light 

scattering, following methods by Sabir et al. (2020). 

UV–Visible spectroscopy 

ZnO NPs were suspended in sterile distilled water at a 

concentration of 5 mg per 20 mL. The maximum 

absorbance was recorded over the wavelength range of 

300–700 nm using a Lambda 365 spectrophotometer 

(PerkinElmer, USA). 

Transmission electron microscopy (TEM) analysis 

ZnO NP suspensions (100 mg mL–1) were prepared at the 

Plant Virology Research Center, School of Agriculture, 

Shiraz University, Shiraz, Iran. A 10-µL aliquot of each 

suspension was dropped onto a copper grid and air-dried. 

TEM images were obtained using a CM-10 transmission 

electron microscope (Philips, Netherlands). 

Fourier-transform infrared spectroscopy (FTIR) 

analysis 

KBr powder and ZnO NPs were mixed at a ratio of 100:1 

(KBr:ZnO NPs) and pressed into a 2-mm semi-

transparent disk. The samples were analyzed using a 

Tensor II FTIR spectrophotometer (Bruker, Germany) 

over the range of 4000–400 cm–1. 

dynamic light scattering (DLS) analysis 

The particle-size distribution of the ZnO NPs was 

determined using an SZ-100 DLS instrument (HORIBA, 

Japan) at a scattering angle of 90° and room temperature. 

Approximately 2 mg of each NP sample was suspended 

in 6 mL of DSW before analysis. 

Germination and growth of maize 

Ten maize seeds from each treatment were placed in 9-

cm Petri dishes containing Whatman No. 42 cellulose 

filter paper. The treatments consisted of a control (C0), 

in which seeds were treated with DSW, and three ZnO 

NP concentrations: 0.1 (C1), 0.5 (C2), and 1.0 (C3) g L–

1. Each treatment was replicated three times. Ten mL of 

each ZnO NP suspension was applied to the seeds using 

a sterile syringe. The Petri dishes were incubated in a 

growth chamber at 20 ± 1 °C for one week. 

Soil basal respiration 

A factorial experiment with three replicates was 

conducted using a completely randomized design (CRD). 

ZnO NPs were applied to the soil at concentrations of 0, 

0.1, 0.5, and 1.0 g kg–1 soil. Six types of biologically 

synthesized ZnO NPs were evaluated: ZnSO4-B. subtilis 

(ZSB), Zn(NO3)2-B. subtilis (ZNB), Zn(CH3COO)2-B. 

subtilis (ZAB), ZnSO4-E. coli (ZSE), Zn(NO3)2-E. coli 

(ZNE), and Zn(CH3COO)2-E. coli (ZAE). A chemically 

synthesized ZnO NPs formulation (20–30 nm) was also 

included. Soil samples were collected from a depth of 0–

30 cm. The ZnO NPs were dispersed in sterile distilled 

water and thoroughly mixed with the soil. Fifty grams of 

moist soil, adjusted to 100% field capacity, was placed in 

a glass container and incubated at 25 °C. A total of 84 

samples were prepared and incubated for seven days. Soil 

basal respiration was determined according to Huang et 

al. (2021). Carbon dioxide (CO2) released from the soil 

was absorbed in 0.05 M sodium hydroxide (NaOH) 

solution and subsequently precipitated as barium 

carbonate (BaCO3) by adding 0.5 M barium chloride 

(BaCl2). The remaining NaOH was titrated with 0.1 M 

hydrochloric acid (HCl) using phenolphthalein as an 

indicator, and the amount of CO2 released was calculated. 

Minimum inhibitory concentration (MIC) and minimum 

bactericidal concentration (MBC) assays  

The bacterial species Bacillus subtilis, Azospirillum sp., 

Pseudomonas fluorescens, and Micrococcus yunnanensis 

were obtained from the Department of Soil Science, 

Shiraz University, Shiraz, Iran. ZnO NPs were dispersed 

in nutrient broth at concentrations of 10, 5, 2.5, 1.25, and 

0.625 mg mL–1. One milliliter of each bacterial 

suspension, adjusted to approximately 108 CFU mL–1, 

was added to the respective ZnO NP treatments. The 

cultures were incubated at 37 °C for 24 h. Bacterial 

growth was evaluated visually by observing turbidity and 

by measuring optical density at 600 nm (OD600). To 

determine the MIC, the lowest ZnO NP concentration 

that prevented visible bacterial growth was recorded as 

the MIC. To determine the MBC, samples from tubes 

showing no visible growth were streaked onto nutrient 

agar plates and incubated at 37 °C for 24 h. The MBC 

was defined as the lowest ZnO NPs concentration at 

which no bacterial colonies developed on the agar plates 

(Chikezie et al., 2017). 

Statistical analysis 

Statistical analyses were performed using SAS version 

9.2 and GraphPad Prism version 9.5. Two-way general 

linear models (GLM) were used for evaluating the effects 

of the experimental factors and their interactions. 

Multiple comparisons were performed using Duncan’s 

multiple range test (P < 0.05). 

RESULTS AND DISCUSSION  

Properties of ZnO NPs  

Since the biological synthesis of NPs is more 

environmentally friendly than conventional chemical 

synthesis (Sabir et al., 2020), ZnO NPs were synthesized 

using B. subtilis and E. coli. The formation of a white 

pellet indicated that both bacterial strains were able to 

synthesize ZnO NPs using zinc sulfate, zinc nitrate, and 

zinc acetate as precursors. The UV–Vis absorption 

spectra of the synthesized ZnO NPs are presented in Fig. 

1. The absorption maxima were observed at 347, 276, 

362, 347, 398, and 385 nm for ZNE, ZSE, ZAE, ZNB, 

ZSB, and ZAB NPs, respectively. Overall, the UV–Vis 

spectra showed absorption in the range of approximately 

350–400 nm, which is consistent with the characteristic 

absorption range reported for ZnO NPs. Previous studies 

have reported absorption peaks at 380 nm (Khana et al., 

2019; Mohd Yusof et al., 2019), 340–385 nm (Hudlikar 

et al., 2012), and 368 nm (Singh et al., 2019). Almoneef 
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et al. (2024) also reported an absorption peak at 283 nm 

for ZnO NPs. According to Singh et al. (2012), changes 

in nanoparticle size can cause shifts in the absorption 

peak toward either shorter or longer wavelengths. Also, 

a decrease in the intensity of the absorption band may 

indicate limited aggregation of the NPs (Sánchez-Pérez 

et al., 2023). Singh et al. (2012) reported an absorption 

peak at 361 nm for ZnO NPs with a particle size of 

approximately 40 nm. Therefore, variations in particle 

size may account for the differences observed in the 

absorption maxima among the synthesized ZnO NPs. 

The findings indicated that the intensity of the SPR peak 

varied depending on the type of Zn salt and bacteria used for 

NP synthesis. The DLS results showed that the size ranges 

of ZNE, ZSE, ZAE, ZNB, ZSB, and ZAB were 27.9–33, 

588–677, 94.4–110.1, 99.6–117, 51.3–60.8, and 173.4–

191.7 nm, respectively (Fig. 2). In most studies, the size of 

ZnO NPs ranges from 40 to 75 nm; however, the results of 

our research showed that the size of ZnO NPs ranged from 

28 to 200 nm. Khajeh and Golzari (2014) also synthesized 

ZnO NPs with sizes ranging from 11 to 25 nm. Previous 

studies have reported biologically synthesized ZnO NPs 

using P. aeruginosa (35–80 nm, globular), Lactobacillus 

spp. (30–38 nm), and B. subtilis (16–20 nm, spherical and 

non-aggregated), which are consistent with our findings 

(Salman et al., 2018; Singh et al., 2019). Moreover, TEM 

results showed that the particles were mainly spherical and 

dispersed, with sizes ranging from 20 to 80 nm (Fig. 3). 

DLS is one of the most common techniques used to 

determine the distribution of particle sizes in a colloidal 

solution based on intensity. Mohmed et al. (2019) 

reported that the particle sizes obtained by DLS were 

larger than those measured using TEM because the size 

obtained by DLS is not only related to the metallic core 

of the particles but is also influenced by the capping 

proteins and enzymes surrounding the particles (Mohmed 

et al., 2019). 

On the other hand, selecting a Zn salt precursor has a 

substantial impact on the reaction outcomes, provided 

that the precipitation conditions remain unchanged. A 

considerable degree of agglomeration was observed in all 

NPs, suggesting that the salt precursor was ineffective in 

maintaining the separation of individual grains. Various 

zinc metal salts, including Zn(CH3COO)2·2H2O, 

Zn(NO3)2·6H2O, ZnCl2, and ZnSO4·H2O, contain 

distinct counter anions, such as NO3
–, CH3COO–, Cl–, 

and SO4
2–. These anions are important because their 

electrostatic stabilization abilities vary among salts; 

therefore, this difference is expected to affect the size and 

morphology of NPs (Pourrahimi et al., 2014). Anions 

with strong stabilizing properties, such as CH3COO–, can 

attach to expanding crystal surfaces during a reaction, 

thereby hindering crystal growth and leading to the 

formation of smaller NPs. In contrast, anions such as 

SO4
2–, which have no stabilizing properties, lead to the 

formation of larger NPs (Pourrahimi et al., 2014). 

In addition to the stabilizing properties of the anions, 

it has been observed that morphology and growth rate are 

also affected by the interaction between the K+ cation 

from KOH (the precipitating agent used during 

biosynthesis) and the various counter anions (Nkabinde 

et al., 2018). Notably, researchers have utilized the 

limited capacity of NO3-based precursors to inhibit the 

movement and aggregation of smaller particles in various 

scientific investigations focused on developing specific 

directional morphologies in hydroxide solutions. The 

kinetics of growth and variation in particle size have 

previously been associated with the “virtual” capping 

shells formed by cations from alkaline sources such as 

KOH (Singh et al., 2023). 

On the other hand, FTIR was used to identify ZnO 

NPs synthesized using B. subtilis and E. coli. Similar 

bands were observed in the FTIR spectra of ZNE and 

ZSE, positioned at 3300–3307, 1639–1640, 1119, 1046, 

960–961, and 599 cm–1 (Fig. 4b). The bands observed at 

3307, 1640, 1119, 1046, and 961 cm–1 resulted from the 

presence of O–H groups, C=O stretching in proteins, C–

O stretching groups in ethers, C–O–C bending vibrations, 

and N–O amine oxide, respectively. The vibrational 

frequencies at 599 and 542 cm–1 in this region were 

attributed to the ZnO (Fig. 4b). 

The FTIR spectra of ZAE, ZAB, and ZNB also 

showed similar bands positioned at 3368–3386, 1554, 

1392–1394, 1334–1335, 1019–1020, 828–829, 672, and 

542 cm–1 (Fig. 4a and Fig. 4b). Therefore, it is likely that 

ZnO NPs produced through biosynthesis contain an 

organic group similar to a protein, which functions to 

form a corona and maintain the stability of the NPs. The 

FTIR results confirmed the presence of C=O groups from 

acid amino residues, which may arise from metal NPs in 

proteins, indicating a strong ability of proteins to bind 

metals specifically. The dual function of metal NPs is 

involved in their formation and removal (Salman et al., 

2018). 

The wavelength of ZnO NPs was 519 cm–1 (Raj and 

Lawerence, 2018). As a result, a white precipitate of ZnO 

NPs was obtained from a new bacterial strain of B. 

subtilis and E. coli. FTIR studies indicate that the 

presence of various bioactive functional groups in 

bacteria facilitates the formation and stabilization of NPs 

(Singh et al., 2023). The anticipated process of NPs 

biosynthesis by microorganisms is based on enzymatic 

activity. As a result, enzymes, glycosides, saponins, and 

various other biomolecules may contribute to the 

stabilization of NPs (Solís-Sandí et al., 2023). 

Research findings suggest that the addition of metal 

salts to the bacterial supernatant results in Zn ions 

interacting with proteins and water-soluble substances 

through –OH and –COOH groups, causing structural 

alterations in the protein molecules. These changes 

facilitate the conversion of the bound metal ion into ZnO 

NPs (Yadav et al., 2023). 
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Fig. 1. UV-Visible spectrum of biologically synthesized ZnO NPs using  Bacillus subtilis and Escherichia coli with three Zn salts 

(ZnSO4, Zn(NO3)2, and Zn(CH3COO)2). 

 

Fig. 2. Dynamic light scattering of ZnO NPs biologically synthesized by (a) Bacillus subtilis and (b) Escherichia coli. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. (a) Transmission electron microscopy of ZnO NPs biologically synthesized by Escherichia coli including Zn(NO3)2-E. coli 

(left), ZnSO4-E. coli (middle), and Zn(CH3COO)2-E. coli (right). (b) The experimental process of ZnO NPs synthesis including the 

heat and KOH addition to bacterial and Zn salt suspension (left), precipitation of ZnO NPs using incubation shaker (middle), and 

oven-dried pellet containing the ZnO NPs (right). 
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Fig. 4. Fourier-transform infrared spectroscopy of ZnO NPs biologically synthesized using (a) Bacillus subtilis and (b) Escherichia coli. 

Effect of ZnO NPs on maize seed 

According to the statistical analysis, the effects of ZnO NPs 

type, concentration level, and the ZnO NPs × concentration 

level interaction on the germination speed index (GSI), 

seedling dry weight (SDW), and root dry weight (RDW) 

examined in this study were significant at the 1% probability 

level (P < 0.01) (Table 1). The results showed that 

increasing concentrations of ZAB and ZAE were 

significantly associated with a decrease in GSI. Moreover, 

treatment with ZSE and ZSB at 0.1 g L–1 significantly 

increased GSI by 14.88% and 15.15%, respectively, 

whereas treatment with ZSB at 0.5 g L–1 significantly 

decreased GSI by 31.3% compared to the control (Fig. 5a 

and Fig. 6). The highest increase in GSI was observed when 

ZSB and ZSE were applied at a concentration of 0.1 g L–1, 

with values of 8.25 and 9, respectively (Fig. 5a and Fig. 6). 

Application of ZnO NPs synthesized by B. subtilis and 

E. coli significantly increased maize SDW regardless of the 

Zn sources (Fig. 5b). At a concentration of 1 g L–1, ZAE, 

ZAB, ZSB, and ZSE significantly decreased RDW by 

58.58%, 29.75%, 57.96%, and 49.52%, respectively (Fig. 

5c and Fig. 6). Treatment with ZAE at 0.1 and 0.5 g L–1 

significantly increased RDW compared to the control by 

19.89% and 18.94%, respectively (Fig. 5c and Fig. 6). 

Treatment with ZNE and ZNB at different concentrations 

did not show any significant differences in GSI or RDW 

compared to the control (Fig. 5a, Fig. 5c, and Fig. 6). 

The highest increases in SDW and RDW were observed 

in treatments with ZAE at 0.1 g L–1 (35.21% and 19.89%, 

respectively), compared to the control, whereas the lowest 

SDW and RDW values were found at all concentrations of 

chemically synthesized ZnO NPs. The values of SDW and 

RDW obtained with chemically synthesized ZnO NPs were 

significantly lower than those obtained with biologically 

synthesized ZnO NPs (Fig. 5b, Fig. 5c, and Fig. 6). 

This study was conducted to evaluate the effects of ZnO 

NPs type and concentration on plant growth. The findings 

of this study indicated that a concentration of 0.1 g L–1 ZnO 

NPs is optimal for enhancing the root and shoot lengths of 

maize seedlings. In contrast, higher concentrations resulted 

in a reduction in these parameters. Esper Neto et al. (2020) 

reported that the application of ZnO NPs suspensions at 

doses of 70–100 mg L–1 for maize seed priming resulted in 

a remarkable enhancement of germination rate, vigor, root 

length, and the overall production of fresh and dry biomass 

(Esper Neto et al., 2020). Srivastav et al. (2019) reported a 

similar result. Nevertheless, an increased concentration of 

ZnO NPs, specifically 200 mg L–1, led to a reduction in root 

and shoot lengths (Fakhri et al., 2019). Consequently, 

increasing the Zn concentration was favorable for plants and 

contributed to the improved growth. Toxicity was observed 

at elevated ZnO NPs concentrations (150–200 mg L–1), 

which might be attributed to the disruption of zinc 

homeostasis and indirect effects on the uptake of other 

elements, as well as interactions among these elements 

(Fakhri et al., 2019). The addition of ZnO NPs to maize 

seeds led to a significant increase in various growth 

parameters. SDW and RDW increased in plants treated with 

ZAE at a dose of 0.1 g L–1 by 35.21% and 19.89%, 

respectively, compared to the control. 

According to Munir et al. (2021), seed priming with 

ZnO NPs resulted in a higher Zn concentration in the roots 

and shoots compared to the control. Singh et al. (2023) 

compared chemically synthesized ZnO NPs (48 nm) with 

biologically synthesized ZnO NPs (35 nm) and found that 

higher growth rates, in terms of shoot and root length, were 

obtained through the biological synthesis of ZnO NPs, 

which was attributed to the smaller diameter of the NPs. 

Similarly, our results showed that the use of bacteria in ZnO 

NPs biosynthesis resulted in improved growth parameters 

compared to the chemically synthesized ZnO NPs. 

Sanchez-Perez et al. (2023) reported that ZnO NPs 

produced through biosynthesis enhanced the germination 

rate, whereas chemically synthesized NPs reduced seed 

germination at high doses. Biological ZnO NPs are more 

efficient in producing bioactive compounds and stimulating 

enzymes due to their superior biocompatibility (Sánchez-

Pérez et al., 2023). These NPs demonstrated greater efficacy 

in stimulating plant defense mechanisms and enhancing the 

levels of bioactive compounds and enzymatic activity, even 

at lower doses, compared to the chemically synthesized NPs 

(Sánchez-Pérez et al., 2023). 

Based on the results, ZnO NPs biologically synthesized 

using different Zn sources can be applied as a seed-priming 

agent, leading to the improved germination rates and 

enhanced seedling growth. Therefore, ZnO NPs can serve 

as a fertilizer for maize growth at low doses. A separate 

study demonstrated that ZnO NPs enhance phytohormones, 

including indole-3-acetic acid in roots, as well as grain 

germination, vigor index, photosynthetic activity, N 

metabolism, and the synthesis of carbohydrates and proteins 

(Sarkhosh et al., 2022). Zn typically serves as a catalytic 
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metal for enzymes and is also involved in the synthesis of 

tryptophan and auxins (Almoneef et al., 2024). 

Effects of ZnO NPs on soil biological activity 

In addition to their considerable effects on plant life, ZnO 

NPs have also been documented to influence bacterial 

growth. The cytotoxicity of NPs toward beneficial soil 

bacterial strains depends on a series of factors, including the 

morphology, dimensions, chemical composition, and 

concentration of the NPs, as well as the duration of exposure 

(Ameen et al., 2021). Our results showed that the MIC and 

MBC of ZnO NPs for PGPR were effective at dilutions 

higher than 0.625 mg mL–1. On the other hand, ZnO NPs 

showed lower antimicrobial activity against M. yunnanensis 

and B. subtilis (with ZnO NP biosynthesis by E. coli). 

chemically synthesized ZnO NPs had the greatest ability to 

inhibit PGPR growth (Table 2 and Fig. 7). 

According to a study conducted by Munir et al. (2018), 

four PGPR species, including B. thuringiensis, P. mosselii, 

A. chroococcum, and S. meliloti, were sensitive to less than 

1500 µg mL–1 of ZnO NPs. ZnO NPs toxicity is probably a 

function of (1) cessation of bacterial cellular respiration and 

(2) oxidative damage and cell lysis (Ahmad et al., 2020). 

Moreover, by damaging cells and reducing cell viability, 

NPs also impede the synthesis of certain bioactive 

molecules that are essential for plant growth and soil 

fertility. For example, different doses of ZnO NPs decreased 

IAA production in three PGPR strains, and at a dose of 1000 

μg mL–1, the substance was completely eliminated. The 

observed decrease in IAA synthesis could be linked to slow 

bacterial growth and the physiological alterations induced 

by NP stress. The antimicrobial action of oxide NPs is likely 

attributed to the release of Zn2+ and the generation of  

reactive oxygen species (ROS), which ultimately leads to 

the cellular membrane damage (Zhang et al., 2018). 

Differences were observed among samples treated with 

different ZnO NPs types in the MIC and MBC assays (Table 

2; Fig. 7 and Fig. 8), using M. yunnanensis, P. fluorescens, 

Azospirillum, and B. subtilis. Following a 24 h aerobic 

incubation period at 37 °C, turbidity was observed in all test 

tubes containing 0.625 mg mL–1 of ZnO NPs, indicating 

bacterial growth. No turbidity was observed at doses of 1.25, 

2.5, 5, and 10 mg mL–1 (Table 2; Fig. 7 and Fig. 8). After 

culturing on nutrient agar (NA) plates and incubating at 37 

°C for 24 h, no Azospirillum growth was observed at 10 mg 

mL–1 of ZNE, ZAE, ZNB, and ZAB (Fig. 7, Fig. 8A(b), and 

Fig. 8C(b)). The MBC test at various concentrations showed 

that B. subtilis exhibited significant growth inhibition when 

exposed to 1.25 mg mL–1 of ZNE, 5 mg mL–1 of ZAE and 

ZNB, and 10 mg mL–1 of ZSE, ZAB, and chemically 

synthesized ZnO NPs (Table 2). The 0.625 mg mL–1 dose of 

ZnO NPs showed relatively low bactericidal activity against 

PGPR (Table 2). The antibacterial effects of the different 

ZnO NPs types on PGPR were ranked as follows: 

chemically synthesized ZnO NPs > ZSE > ZSB > ZNE > 

ZAE > ZAB > ZNB. 

The results showed that chemically synthesized ZnO 

NPs had the highest ability to inhibit PGPR growth (Fig. 

7D). Thus, ZnO NPs showed greater antimicrobial activity 

against M. yunnanensis and B. subtilis (Table 2). The 

effectiveness of ZnO NPs against PGPR at concentrations 

greater than 0.625 mg mL–1 was confirmed by both the MIC 

and MBC results (Table 2). The antimicrobial effect 

depends on the type of NPs and the microorganism. 

Research has shown that the MICs of ZnO NPs 

biosynthesized by B. haynesii and Acinetobacter schindleri 

SIZ7 against E. coli were 8 and 0.1 mg mL–1, respectively, 

while those against S. aureus were 4 and 0.2 mg mL–1, 

respectively (Siddhardha et al., 2016; Thakur et al., 2021). 

The antibacterial activity of ZnO NPs at different doses 

was assessed against Gram-negative bacteria, such as 

Azospirillum and P. fluorescens, as well as Gram-positive 

bacteria, such as M. yunnanensis and B. subtilis (Fig. 7). The 

MIC of ZnO NPs was 2.5 and 5 mg mL–1 against B. subtilis 

for ZnO NPs biosynthesized using B. subtilis, 5 mg mL–1 

against Azospirillum, and 1.25 and 2.5 mg mL–1 against P. 

fluorescens. The growth ability of M. yunnanensis exposed 

to different concentrations of ZnO NPs was greater than that 

of the other bacteria. Hamke et al. (2023) reported that the 

inhibition zone measured for Gram-negative bacteria was 

greater than that for Gram-positive bacteria because the cell 

wall of Gram-positive bacteria has a thicker peptidoglycan 

layer than that of Gram-negative bacteria (Rehman et al., 

2019). 

ZnO NPs injure cell membranes and enter cells, where 

they generate ROS and destroy cellular contents (Ali et al., 

2018). This was consistent with the results obtained in our 

study. Thus, in the present study, to determine the potential 

harmful effects of ZnO NPs, the sensitivity of some 

beneficial soil bacterial species to the synthesized NPs was 

investigated using MIC and MBC tests. However, MIC and 

MBC values obtained in NB medium may not be directly 

extrapolated to the natural soil systems. In soils, the presence 

of clay and organic matter can further adsorb NPs or 

increase their heterogeneous aggregation, which generally 

reduces their mobility and toxicity compared to the liquid 

culture conditions. Therefore, although our MIC/MBC 

results provide a useful basis in a simplified system, they 

should be interpreted with caution when predicting the 

environmental behavior or ecological risks of nano-ZnO 

NPs in complex matrices such as soil. Therefore, the effect 

of ZnO NPs on soil basal respiration was also investigated. 

 

Table 1. The variance analysis of different parameters in this study 

Source df    Mean of squares  

  SDW RDW GSI SBR 

ZnO NPs 6 0.0039** P = 0.01 0.012** < 0.001 9.69** < 0.001 165.88** < 0.001 

Concentrations 3 0.0022** < 0.001 0.012** < 0.001 9.7** < 0.001 151.77** < 0.001 

ZnO NPs × Concentrations 18 0.0006** < 0.001 0.002** < 0.001 1.97** < 0.001 66.36** < 0.001 

Error 56 0.00013  0.0004  0.26  3.89  

CV - 10.77  16.28  7.78  14.07  

* Probability level at 1%, ** probability level of 5%, df: degrees of freedom, ns: no significant, ZnO NPs: zinc oxide nanoparticles, CV: 

coefficient of variance, SDW, seedling dry weight, RDW: root dry weight, GSI: germination speed index and SBR: soil basal respiration. 
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Fig. 5. (a) Germination speed, (b) seedling weight (g), (c) root weight (g), and (d) soil basal respiration (mg CO2 24 h–1 g–1) under 

various levels of ZnO NPs. ZNE: Zn (NO3)2-Escherichia coli, ZNB: Zn(NO3)2-Bacillus subtilis, ZAE: Zn(CH3COO)2-Escherichia 

coli, ZAB: Zn (CH3COO)2-Bacillus subtilis, ZSE: ZnSO4-Escherichia coli, ZSB: ZnSO4-Bacillus subtilis, ZO: chemically 

synthesized ZnO NPs.  

 

 

 

 

 

 

 

 

 

 

Fig. 6. The photographs illustrate how the different concentrations of ZnO NPs (C1: 0.1 g L–1, C2: 0.5 g L–1, and C3: 1 g L–1) affect 

maize seed germination when treated with the following nanoparticle types: (a) ZNE (Escherichia coli–Zn(NO3)2), (b) ZSE 

(Escherichia coli–ZnSO4), (c) ZAE (Escherichia coli–Zn(CH3COO)2), (d) ZNB (Bacillus subtilis–Zn(NO3)2), (e) ZSB (Bacillus 

subtilis–ZnSO4), (f) ZAB (Bacillus subtilis–Zn(CH3COO)2), and (g) ZO (chemically synthesized ZnO). 

 
Variance analysis showed that the effects of ZnO NPs 

type, concentration level, and the ZnO NPs × concentration 
level interaction on soil basal respiration (SBR) examined in 
the study were significant (P < 0.01) (Table 1). SBR 
increased remarkably in all treatments compared to the 
control (Fig. 5d). The other treatments had lower respiration 
rates than the 0.5 g L–1 ZNB treatment (Fig. 5d). Peak values 
for CO2 emission rates were reached at 0.5 g L–1 ZNB, ZSB, 
and ZAB (31.39, 23.82, and 14.36 mg 24 h–1 g–1, 
respectively). These values then declined at a concentration 
of 1 g L–1 for ZNB, ZSB, and ZAB by 18.28%, 52.35%, and 
13.23%, respectively (Fig. 5d). Treatment with 0.1 g L–1 
ZNE stimulated SBR (23.46 mg 24 h–1 g–1), and SBR was 
significantly higher compared to the other ZnO NPs. 

However, the addition of 0.5 and 1 g L–1 led to a reduction 
in CO2 emission (20.04 and 12.94 mg 24 h–1 g–1, 
respectively) (Fig. 5d). At 1 g L–1, only ZAE significantly 
increased SBR compared to the other concentrations (26.4 
mg 24 h–1 g–1), whereas the other ZnO NPs showed a 
decreasing trend (Fig. 5d). Regarding concentration, 0.5 g 
L–1 showed the highest level of microbial activity, and the 
effects of ZnO NPs on microbial activity were ranked as 
follows: ZNB > ZSB > chemically synthesized ZnO NPs > 
ZAE > ZNE > ZAB > ZSE. 

The effect of ZnO NPs on the carbon activity of soil 
microbiota was assessed in calcareous soils to determine its 
overall effects on microbial activity. Overall, the alteration 
in soil microbial respiration in soils treated with ZnO NPs 
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was significant (Fig. 5d). Soil respiration potential 
decreased at a ZnO NPs loading rate of 0.5 g L–1 and at 1 g 
L–1 of ZnO NPs, although it remained significantly different 
from the control (Fig. 5d). Research conducted by Ge et al. 
(2012) indicated that low levels of ZnO NPs have a modest 
effect on enhancing the basal respiration rates of soil 
microorganisms. We hypothesized that zinc directly 
contributes to the enhancement of SBR by stimulating 
microbial respiration, as Zn is a vital element for all 
organisms. CO2 levels observed in treatments with 150 and 
300 mg kg–1 of ZnO NPs were greater than those recorded 
for 1 and 10 mg kg–1 in soil. The elevated levels of nano-
ZnO NPs create stress among microorganisms, resulting in 
an increase in CO2. Consequently, we determined that a 
suitable dose of nano-ZnO has the potential to enhance 
SBR. 

Zhou et al. (2020) reported an increase in the 
abundance of Gemmatimonas with increasing zinc 
concentrations. Changes in Gemmatimonas abundance 
suggest that ZnO NPs increases environmental stress on 
soil microorganisms and causes changes in the 
abundance of metal-oxidizing bacteria. On the other 
hand, the CO2 emission rate was inhibited only by a high 

dose of ZnO NPs (500 mg kg–1) (García-Gómez et al., 
2018), which is consistent with our findings. At a 
treatment level of 1000 mg kg–1 ZnO NPs, the respiration 
rate in calcareous soil was significantly reduced (García-
Gómez et al., 2018). Huang et al. (2022) showed that the 
response of soil microbial communities to the application 
of ZnO NPs is highly diverse and depends on the 
characteristics of the system and the form of Zn applied. 

Moreover, zinc solubility is inversely related to the 
pH and clay content in calcareous soil, which facilitates 
greater retention of Zn within the soil matrix. This 
situation reduces the availability of Zn to 
microorganisms. Clays have the capacity to adsorb Zn2+ 
through ion exchange and specific adsorption (Jiang et 
al., 2021). The presence of Zn is also related to soil 
organic matter (SOM). The effect of SOM content on Zn 
availability to microorganisms should be considered 
small, as the amounts present in the soil are very low (< 
2%) (Ge et al., 2012). The investigation of nanotoxicity 
in soil presents significant challenges and complexities 
due to the numerous interactions between NPs and their 
surrounding environment, as well as the relationships 
between NPs and microorganisms.

 

Table 2. Growth pattern of plant growth-promoting rhizobacteria (PGPR) exposed to different concentrations of ZnO NPs. 

PGPR ZnO NPs conc. 

(mg ml-1) 

ZnO NPs Type 

 Bacillus subtilis Azospirillum Pseudomonas fluorescens Micrococcus yunnanensis 

 ( -  ) MBC  ( - )  MBC  ( - )  MBC MIC 10 ZNE 

 ( -  ) MBC MIC MIC  + 5 

 ( -  ) MBC  +  +  + 2.5 

MIC  +  +  + 1.25 

 +  +  +  + 0.625 

 ( -  ) MBC  + MIC MIC 10 ZSE 

MIC  + MIC MIC 5 

MIC  + MIC  + 2.5 

MIC  + MIC  + 1.25 

 +  +  +  + 0.625 

 ( -  ) MBC  ( -  ) MBC MIC  + 10 ZAE 

 ( -  ) MBC MIC MIC  + 5 

MIC +  +  + 2.5 

MIC  +  +  + 1.25 

 +  +  +  + 0.625 

 ( -  ) MBC  ( -  ) MBC MIC  + 10 ZNB 

 ( -  ) MBC MIC  +  + 5 

MIC MIC  +  + 2.5 

 +  +  +  + 1.25 

 +  +  +  + 0.625 

MIC MIC MIC MIC 10 ZSB 

MIC MIC MIC MIC 5 

 +  + MIC  + 2.5 

 +  +  +  + 1.25 

 +  +  +  + 0.625 

 ( -  ) MBC  ( -  ) MBC MIC  + 10 ZAB 

MIC MIC MIC  + 5 

 +  + MIC  + 2.5 

 +  + MIC  + 1.25 

 +  +  +  + 0.625 

 - )  )MBC MIC MIC  + 10 ZO 

MIC MIC MIC  + 5 

MIC MIC MIC  + 2.5 

 + MIC  +  + 1.25 

 + MIC  +  + 0.625 

Positive (+): indicating growth and negative (-): indicating absence of growth; MIC: minimum inhibitory concentration, MBC: 

minimum bactericidal concentration, PGPR: plant growth-promoting rhizobacteria, ZnO NPs: zinc oxide nanoparticles, ZNE: 
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Escherichia coli-Zn(NO3)2, ZSE: Escherichia coli-ZnSO4, ZAE: Escherichia coli-Zn(CH3COO)2, ZNB: Bacillus subtilis-Zn 

(NO3)2, ZSB: Bacillus subtilis-ZnSO4, ZAB: Bacillus subtilis-Zn (CH3COO)2, and ZO: chemically synthesized ZnO. 

Fig. 7. Growth pattern of (a) Bacillus subtilis, (b) Azospirillum, (c) Pseudomonas fluorescens, and (d) Micrococcus yunnanensis at 

several doses of ZnO NPs (A: Bacillus subtilis-Zn (NO3)2, B: Bacillus subtilis-ZnSO4, C: Bacillus subtilis-Zn (CH3COO)2, and D: 

chemically synthesized ZnO) onto nutrient agar plates, 24 h post incubation at 37 °C. 

 

 

Fig. 8. Growth pattern of (a) Bacillus subtilis, (b) Azospirillum, (c) Pseudomonas fluorescens, and (d) Micrococcus yunnanensis at 

different doses of ZnO NPs (A: Escherichia coli-Zn (NO3)2, B: Escherichia coli-ZnSO4, and C: Escherichia coli-Zn (CH3COO)2) 

onto nutrient agar plates 24 h post incubation at 37 °C. 



N. Abdar, et al.  Iran Agricultural Research 45 (2026) 62-75. 

72 

Nonetheless, chemically synthesized NPs have 

certain limitations, including the generation of toxic by-

products that can be harmful to the environment. 

Furthermore, these reactions generally require significant 

energy input and frequently incur substantial costs 

associated with the acquisition of chemicals (Sarkhosh et 

al., 2022). Consequently, it is essential to develop 

methods for synthesizing NPs that are cost-effective, 

environmentally-friendly, and biocompatible. 

Biosynthesis has emerged as a viable alternative and a 

solution to the difficulties posed by chemical processes 

(Singh et al., 2023). The application of bio-extracts 

reduces environmental impacts while also enabling 

different compounds to form a coating on the surface of 

the generated NPs, which subsequently improves their 

properties and performance (Sánchez-Pérez et al., 2023). 

Therefore, NPs generated through green synthesis are 

more desirable than those synthesized chemically. 

CONCLUSION  

In the present study, we reported that the precursor salt 

and bacterial strain are two of the most important factors 

that directly affect NP biosynthesis. The production of 

ZnO NPs with different sizes and properties was a result 

of these two variables. ZnO NPs were observed to have 

spherical shapes and sizes ranging from 28 to 600 nm 

based on TEM micrographs and DLS, while the 

stabilization of ZnO NPs by coating proteins in the 

bacterial supernatant was confirmed by FTIR spectra. 

The present findings suggest that ZnO NPs may improve 

seed vigor, germination, and maize seedling growth 

when 0.1 g L–1 ZnO NPs was biosynthesized via B. 

subtilis and E. coli using ZnSO4 through seed priming in 

water. The application of ZnO NPs synthesized by B. 

subtilis and E. coli increased maize shoot and root dry 

weight, regardless of the Zn source. The optimal response 

of ZnO NPs in relation to soil basal respiration was 

observed at 0.5 g L–1. Also, ZnO NPs biosynthesized by 

B. subtilis using ZnSO4 and Zn(NO3)2 promoted 

beneficial effects compared to the control and chemically 

synthesized ZnO NPs. The 0.625 mg mL–1 dose of ZnO 

NPs showed lower bactericidal activity against PGPR. 

Chemically synthesized ZnO NPs were most capable of 

inhibiting PGPR growth, whereas ZnO NPs that were 

made using B. subtilis and Zn(NO3)2 showed lower 

efficiency in inhibiting PGPR growth at 1.25 mg mL–1. 

Particle size and characteristics play important roles. 

Thus, the reactivity of NPs requires careful consideration 

when determining the appropriate concentration for 

application, as high doses may reduce seed growth and 

PGPR activity. In addition, the negative effects of 

biologically synthesized ZnO NPs were less than those of 

chemically synthesized ZnO NPs. In contrast to chemical 

or physical methods, the biosynthesis of ZnO NPs is 

widely known as being more environmentally-friendly. 
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