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Abstract: Nano-fertilizers of essential plant nutrients, including micronutrients, have the potential 

to improve nutrient use efficiency and productivity of field crops in deficient soils. The present 

study reports the comparative influence of zinc oxide nanoparticles (ZnONPs) and bulk Zn salt 

(ZnSO4) on the growth, yield, and quality of fodder maize (Zea mays) (var. J-1006) cultivated under 

field conditions in the year 2019. Three levels (0, 20, and 40 mg L−1) of Zn fertilizers were used for 

seed priming and coating in triplicate following the randomized complete block design model. An 

increase in vegetative and yield parameters (number of plants, plant height, stover yield, plant bio-

mass), acid detergent fiber (ADF%), and hemicellulose contents and shoot zinc (Zn) content on 

treatment of seeds with ZnONPs (20 mg L−1) concentration as compared to bulk ZnSO4 and control 

treatments was observed. The application of ZnONPs (40 mg L−1) significantly enhanced the total 

chlorophyll content, available soil nitrogen and phosphorus, neutral detergent fiber (NDF%), and 

cellulose contents and improved the total soil microbial counts and soil enzyme activities (dehydro-

genase, acid and alkaline phosphatase enzyme activities), whereas a significant increase in available 

soil potassium and zinc contents was recorded under ZnONPs (20 mg L−1) treatments. These find-

ings suggest an encouraging effect on the growth and yield attributing characteristics of fodder 

maize after ZnONPs seed coating at low concentration. Furthermore, ZnONPs seed coating can also 

be considered an effective tool for the delivery of Zn micronutrient to fodder maize crop. 
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1. Introduction 

Maize (Zea mays L.), a high nutrient demanding crop, requires balanced nutrition, 

particularly the requirement for micronutrients such as zinc is substantial [1,2]. The zinc 

requirement is manifested as high susceptibility of maize to exhibit zinc (Zn) deficiency 

disorders and, therefore, maize is considered as a Zn deficiency indicator plant [3]. The 

Zn requirement for improved plant growth and development is well established [2]. It 

plays a vital role in the production of biomass through its influence on diverse physiolog-

ical and metabolic processes such as chlorophyll formation, fertilization, and germination 

[4]. Biochemically, Zn is an essential and integral component of the cytochrome complex 

and is also required for nucleotide synthesis and membrane integrity [5]. At the plant 

physiology scale, Zn is needed as a cofactor or complexing ion for efficient working of all 

the six groups of enzymes [6]. Furthermore, Zn is required as a precursor for the synthesis 

of the auxin phytohormone [7] and thus has a role in the promotion of vegetative growth 

in plants. These studies invariably establish the benefits and the requirement of Zn for 

plants. Therefore, Zn deficiency will lead to cessation or improper functioning of various 

metabolic and physiological processes in crop plants. 

Soils exhibiting low zinc availability are prevalent in tropical and semi-tropical coun-

tries affecting approximately 50% of the land across globe. Intensive cultivation of cereal 

crops in low organic carbon containing light or sandy and high pH calcareous soils has 

been responsible for the low available Zn contents. The low soil Zn availability leads to 

the appearance of characteristic zinc deficiency symptoms in crop plants which includes 

yellowing of leaves, stunted plant growth, and reduced grain yield [8,9]. Therefore, the 

application of water-soluble Zn fertilizer such as zinc sulfate (ZnSO4) as a basal dose is a 

common practice to fulfill the Zn requirement of crops [10]. However, quick Zn fixa-

tion/precipitation due to interaction with the calcium (Ca2+), phosphate (PO42-) and car-

bonate (CO32-) ions in the soil [11] and leaching (horizontal/vertical soil zones) particularly 

in sandy soils [12] from the soil surface after application of conventional Zn fertilizers 

renders Zn unavailable for uptake by the crop plants [13]. A possible alternative can be 

the development and use of slow or controlled release Zn-formulations besides the nano-

scale Zn formulations [6,14,15]. 

Zinc oxide nanoparticles (ZnONPs) are the most common nano-Zn formulations that 

have been prepared, applied, and evaluated for their plant growth-promoting properties 

in recent years [16,17]. The mode of application of ZnONPs involves soil, foliar, and seed 

treatments [18]. Among these application modes, the seed invigoration treatments, includ-

ing seed priming and coating with ZnONPs are considered relatively eco-safe and eco-

nomically prudent [18]. These seed treatments include supplementation of ZnONPs at 

low concentrations leading to adsorption of ZnONPs on the surface of the seed coat fol-

lowed by their penetration and movement through seed tissue layers which significantly 

improves germination and crop biomass [17]. Therefore, seed priming and coating is a 

targeted delivery approach to enhance the availability of micronutrients or other elements 

during the early growth of the plants [19]. Cultivation practices combining novel seed 

invigoration technologies and precision farming can improve the seed germination po-

tential, seedling vigor and development, photosynthesis, and reproductive growth to en-

sure enhanced yield [20–22]. 

Several recent reports identified the positive impact of foliar application of nano-Zn 

formulations in different cereal and horticultural crops [16–19,22]. These reports indicate 

a clear trend for the development of nano-based seed invigoration treatments possibly 

due to bio- and eco-safety aspects attached to handling and foliar application of the nano-

Zn particles which could be better addressed through seed invigoration techniques. The 

present research intervention involves the synthesis of ZnO nanoparticles by the wet 

chemistry technique. The synthesized ZnONPs were characterized to establish their nano-

scale dimensions and properties through diverse spectroscopy and microscopy tech-

niques. The characterized ZnONPs nano-formulations and the conventional zinc sulphate 

(ZnSO4) fertilizer were then utilized as seed priming and coating treatments to evaluate 
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the efficiency of the nano-scale Zn fertilizer and its effect on the fodder maize crop grown 

under field conditions. Further, the work compares the relative impact of ZnSO4 fertilizer 

and ZnONPs and their seed application techniques, i.e., as seed priming and coating treat-

ments for the vegetative growth, and yield attributes besides soil chemical and microbio-

logical characteristics in maize (Zea mays variety J-1006) crop grown under field condi-

tions. 

2. Materials and Methods 

Analytical-grade chemicals were purchased from Himedia Laboratories, Mumbai, 

India. Zinc oxide nanoparticles were prepared through the wet chemistry technique as 

described in Section 2.1. 

2.1. Synthesis and Characterization of ZnONPs 

The ZnONPs were synthesized through the wet chemistry technique [23]. Zinc ace-

tate dihydrate (Zn(CH3COO)2.2H2O, 2 moles) and sodium hydroxide (NaOH, 1 mole) 

were dissolved in isopropyl alcohol (100 mL) by stirring at room temperature for 30 min. 

The solution was stirred again for several hours at room temperature after the addition of 

a few drops of ammonia solution to obtain alkaline pH. The solution was then filtered, 

and the residue was washed with distilled water. The residue (gel) was dried at 50 °C and 

later was calcinated at 200 °C in a muffle furnace to generate the ZnONPs. These ZnONPs 

were characterized for morphological features (size dimensions and shape) through trans-

mission (model H-7650, Hitachi, Tokyo, Japan) and scanning (model S-3400N, Hitachi, 

Tokyo, Japan) electron microscopy. The characteristic light–matter interaction properties 

of the synthesized ZnONPs were characterized through UV-Visible spectroscopy (model 

SL 218, Elico, Hyderabad, India), Energy-dispersive X-ray spectroscopy, and Fourier 

Transform-Infra Red spectroscopy (model Nicolet 6700, Thermo Scientific, Exton, PA, 

USA) analysis equipped with attenuated total reflectance (ATR) assembly. 

2.2. Seed Treatments for Field Study 

The stock solutions of concentration 100 µg mL−1 each were prepared by mixing bulk 

ZnSO4 salt (10 mg) in deionized water (100 mL) while the stock suspensions for zinc oxide 

nanoparticles were prepared by suspending 10 mg of dried powder ZnONPs in 100 mL 

of deionized water. Three different working concentrations of 0, 20, and 40 mg L−1 were 

prepared from both the ZnONPs suspension and ZnSO4 stock solution. The prepared 

ZnONPs suspensions were sonicated at 25 °C for 20 min to allow the formation of uniform 

suspension and to prevent agglomeration of the nanoparticles. The prepared ZnONPs 

suspensions/ZnSO4 solutions were used for the seed priming treatment by incubating 

these (0.1 mL per seed) with the maize seeds for 30 min. Before treatment with the 

ZnONPs suspensions or ZnSO4 solutions, the maize seed surface was disinfected by treat-

ment with 2% sodium hypochlorite (NaOCl) solution for 2 min, followed by thorough 

rinsing with autoclaved deionized water. The seed coating treatment involved the prepa-

ration of the starch solution. Soluble corn starch (1.5% w/v) and glycerol (1.0% w/v) as 

plasticizer were added to a minimum volume of deionized water and heated at 40 °C to 

gelatinize the starch. The zinc suspensions or solutions were then mixed with the gelati-

nized polymer and added to the maize seeds (at the rate of 10 µL per seed). The nano-zinc 

oxide dispersions or bulk salt solutions and their starch polymer solutions were placed on 

a rocking shaker for 30 min with occasional handshaking to ensure even treatment of all 

the seeds. Furthermore, the primed and coated seeds were placed on filter paper and al-

lowed to air dry. The treated seeds were manually sown in the field at a row spacing of 

70 cm and plant-to-plant distance of 20 cm in the third week of June 2019. The crop was 

maintained as per the recommended practices for the cultivation of the maize crop. On 

harvesting, the vegetative growth and yield attributing traits of the crop were evaluated. 
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2.3. Zinc Source Seed Treatment Effect on Vegetative Growth Parameters of Fodder Maize 

2.3.1. Vegetative, Photosynthetic, and Yield Parameters 

The vegetative growth parameters such as number of plants per plot, number of 

leaves per plant, plant height, and ear height were observed at 60 DAS. The total chloro-

phyll content, an indicator of the photosynthetic performance was measured with the help 

of a SPAD photometer (SPAD-502, Soil Plant Analysis Development (SPAD) Section, Mi-

nolta Camera Co, Osaka, Japan) at 30 and 60 DAS. The total chlorophyll and carotenoid 

contents (mg g−1 leaf fresh weight) of the leaves sampled at 30 and 60 DAS were also esti-

mated through the 80% acetone extraction method [24]. Yield attributing characteristics, 

i.e., number of internodes per plant and plant biomass, and total stover yield was deter-

mined at 60 DAS. The yield data were represented in kg ha−1. 

2.3.2. Plant Nutrient Status 

The shoot and root samples were obtained at 60 DAS and were kept in the oven at 65 

± 2 °C for drying until the moisture was removed and constant weights were obtained. 

Thereafter, the plant samples were analyzed for N, P, K, and Zn nutrient contents. Nitro-

gen was determined by Kjeldhal’s method by digesting shoot and root samples with 10 

mL of concentrated sulfuric acid in the presence of a digestion mixture. To measure the 

phosphorous and potassium contents of the shoot and root samples, the samples were 

wet digested in HNO3 and HClO4 acid mixture (ratio 4:1). The vanadomolybdate phos-

phorus yellow color method was used to calculate the phosphorous content in the nitric 

acid system. The potassium content was determined using the flame photometer method. 

For estimation of the zinc (Zn) content, the oven-dried shoot and root samples were wet 

digested in 15 mL di-acid mixture of HNO3 and HClO4 (3:1), and thereafter these were 

analyzed on an Atomic Absorption Spectroscope (AAS) as described by Lindsay and 

Norvell [25]. 

2.3.3. Plant Quality Parameters 

The fodder quality indicators, the neutral detergent fiber (NDF), and acid detergent 

fiber (ADF) were determined by the method of Goering and Van Soest [26]. Briefly, this 

involved placing one gram of the dried shoot sample in a condenser-fitted round bottom 

flask. The NDF was estimated by using the neutral detergent solution while the ADF was 

analyzed through the acid detergent solution (Cetyl trimethyl ammonium bromide 

(CTAB). Thereafter, decaline (2 mL) and sodium sulphite (0.5 g) were added. The contents 

were boiled for 5 to 10 min and then gradually refluxed for 1 h. The refluxed samples were 

transferred to a pre-weighed crucible fitted onto the filtering apparatus. It was then rinsed 

with hot water, followed by acetone, and dried at 105 °C for 12 h, and weighed. The resi-

due dried weights were recorded as the NDF and ADF percentages. The difference was 

recorded as insoluble hemicellulose between NDF and ADF. 

2.3.4. Soil Nutrient and Microbiological Status 

The soil macronutrient (N, P, and K) and zinc contents were determined at 30 and 60 

DAS. To determine the soil macronutrient contents, the available nitrogen (N) was esti-

mated through the alkaline permanganate method, and available phosphorous (P) by re-

duction of ascorbic acid [27]. Available potassium (K) was estimated through a flame pho-

tometer using a neutral ammonium acetate extractant. The micronutrient such as zinc (Zn) 

content was extracted by the diethylenetriaminepentaacetic acid (DTPA) method and es-

timated on an AAS as explained by Lindsay and Norvell [25]. The soil physical parameters 

are depicted in Table 1. 

  



Agronomy 2021, 11, 729 5 of 17 
 

 

Table 1. Physical and chemical characteristics of the soil sampled from the experimental site. 

Soil Parameter Value 

Type Sandy loam 

pH 8.56 

EC (dS m−1) 0.4 

OC (%) 0.52 

Clay (%) 12 

Sand (%) 70 

Silt (%) 18 

EC is an abbreviation for electrical conductivity; OC is an abbreviation for Organic carbon. 

The viable cell count of the rhizospheric soil was enumerated by the dilution spread 

plating technique. The total aerobic bacteria, total fungi, actinobacteria, and pseudo-

monad viable cell counts were determined at regular intervals of 30 and 60 DAS of crop 

on nutrient agar, potato dextrose agar, actinomycetes agar, and King’s B agar media, re-

spectively. The soil dehydrogenase enzyme activity was assayed according to Casida et 

al. [28]. At the same time, the soil alkaline and acid phosphatase activities for the same 

soil samples were also estimated [29]. 

2.3.5. Statistical Analysis 

The experiment was laid out in a factorial randomized block design for ten treat-

ments with three replications. The analysis of variance (ANOVA) was performed using 

generalized linear model procedure (PROC GLM statement) in SAS Software (version 9.3, 

SAS Institute Inc., Cary, NC, USA). The mean comparison for various vegetative growth, 

soil nutrient and microbiological, yield attribution, and quality parameters was per-

formed by utilizing the Fisher’s protected Least Significant Difference (LSD) test at p ≤ 

0.05. The Principal Component Analysis (PCA based on Pearson correlation) of the yield 

and quality characteristics, soil microbial viable counts and enzymatic activities and shoot 

and soil nutrient parameters was performed using multivariate analysis tab in Origin soft-

ware (version 9.0, USA). The PCA biplots were prepared in Origin (version 9.0, USA) soft-

ware which indicated the relative associations and impact of different parameters with 

each other. 

3. Results 

3.1. Characterization of the Prepared ZnO NPs 

The ZnONPs synthesized through the wet chemistry technique exhibited particles 

with quasi-spherical to irregular shapes, well-defined margins, and predominant size di-

mensions ranging from 10 to 40 nm (Figure 1a,b) though larger particles of size 60 to 120 

nm were also observed. The scanning electron microscopy analysis depicted the average 

particle aggregate size of <500 nm (Figure 2a). The occurrence of the Zn element on the 

surface of the prepared ZnONPs was uniformly distributed besides showing fingerprint 

X-ray peaks at 1.0 and 8.601 keV, respectively, representing the L and Kα lines for the Zn 

element (Figure 2b). The X-ray map of the surface of the ZnONPs indicated the uniform 

occurrence of the Zn signals (Figure 2c). The quantitative table (Figure 2d) depicted the 

presence of zinc and oxygen elements. The carbon signals are from the sticky carbon tape 

used to load the sample on the stub while the nitrogen and chlorine signal are from the 

precursors/chemicals utilized for the synthesis of the ZnONPs. 
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Figure 1. Transmission electron micrographs of zinc oxide nanoparticles showing (a) spherical-

shaped zinc oxide nanoparticles (ZnONPs), (b) size distribution curve. 

 

Figure 2. Scanning electron micrograph of ZnONPs depicting (a) the smooth-surfaced aggregates, 

(b) SEM-EDS spectra of the prepared ZnONPs showing characteristic peaks for the Zn element, (c) 

X-ray map of ZnONPs showing the signals for the uniformly distributed Zn element, (d) quantita-

tive table exhibiting the occurrence of % atom and % weight Zn element. 

The UV absorption peak for the prepared ZnONPs appeared as a single and sharp 

peak at 210 nm wavelength (Figure 3a) indicating the monodispersed nature of the nano-

particle dispersion. It also indicated that most of the particles in the aqueous dispersion 

had uniform nano-scale dimensions. The chemical functional group diversity of the pre-

pared ZnONPs as elucidated through Fourier Transform Infrared Spectroscopy (FT-IRS) 

analysis showed the shift in absorption peak at 3078.6 to 3085.4 cm−1 wavenumbers indi-

cating the stretching vibrations of the C-H group derived from either the precursor salt 

(zinc acetate) or the isopropyl alcohol used for the synthesis of the nanoparticles (Figure 

3b). 
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Figure 3. Spectroscopy characterization of ZnONPs. (a) UV-Vis absorption peak of ZnONPs, (b) 

FT-IR spectra of ZnONPs and the salt precursors showing variation in the chemical functional 

groups on formation of ZnONPs from the precursor salt. 

Furthermore, a shift in absorption peak at 1638.5 to 1594.4 cm−1 wavenumbers in the 

FTIR spectra of the synthesized ZnONPs indicates stretching vibrations of the C=C group, 

while the symmetric and asymmetric stretching vibrations of the O-C-O bond of carbonate 

(absorbed) anion can be observed from peaks at 1329/1386, and 1549 cm−1. The lattice vi-

bration peaks for absorbed carbonate can also be observed at 1052 cm−1. The peaks present 

in the 1435 to 1300 cm−1 wavenumber range (ZnONP: 1386, 1329 cm−1, and zinc acetate: 

1435 cm−1) represent the CH3 bond bending vibrations. Likewise, another shift in peak 

from 1058 to 1020 cm−1 wavenumber region may be attributed to stretching vibrations of 

the C=O functional group. Absorption peaks between 1100 and 900 cm−1 in all the three 

spectra can be associated with Zn-OH vibrations particularly the peaks at 1018.5 and 

1020.7 cm−1 in FTIR spectra of zinc acetate precursor salt and ZnONPs, respectively indi-

cate the corresponding Zn-O bond vibrations. The band at 690.4 cm−1 in the FT-IR spectra 

of the zinc acetate precursor salt can be ascribed to the scissoring vibration of the acetate 

anion. This peak was abolished in the ZnONPs spectra with the emergence of a new peak 

at 671.5 cm−1 representing the Zn-O bond stretching vibrations. 

3.2. Vegetative and Photosynthetic Parameters 

The plant stand is an important parameter that affects the growth and yield responses 

in maize. The analysis of variance table for these traits indicated significant variation for 

the Zn-source concentrations only for the vegetative traits with only leaf number trait 

which exhibited dual interaction of treatment × concentration (Supplementary Tables S1 

and S2). The number of plants per plot was not affected by priming or coating seed treat-

ments in fodder maize var. J-1006. However, this trait exhibited significant improvement 

in ZnONPs treatment (20 mg L−1) compared to bulk ZnSO4 and control treatments (Table 

2). Seed coating treatment improved the plant height compared to the priming treatment. 

A similar trend for the concentration of the Zn-source was observed with ZnONPs (20 mg 

L−1) exhibiting a significant increase in the plant height compared to bulk ZnSO4 and con-

trol treatments. Numerically higher shoot and significantly higher root fresh weight at 

harvest were recorded in seed coating treatment as compared to no polymer treatment. 

Additionally, the highest mean shoot and fresh root weights were observed in ZnONPs 

(20 mg L−1) treatment as compared to the control and ZnONPs (40 mg L−1) treatments, 

respectively. The leaf number was significantly higher in starch polymer seed coating 

treatments compared to priming treatments. Among the Zn sources, the ZnONPs treat-

ment (both at 20 and 40 mg L−1 concentrations) recorded the highest leaf number as com-

pared to bulk ZnSO4 and control treatments (Table 2). 
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Table 2. Effect of seed treatments with different concentrations of ZnONPs on vegetative and yield attributing parameters 

of fodder maize crop (variety J-1006) grown under field conditions. 

Treatments 
No. of 

Plants 

Plant 

Height (cm) 

Leaf 

Number 

No. of 

Internode 

Total Stover Yield 

(Quintal ha−1) 

Mean Fresh 

Shoot wt. (kg) 

Mean Root 

Fresh wt. (g) 

Seed 

Treatment 

Priming 34.0 a 222.13 a 10.0 b 7.0 a 37.02 a 2.036 a 290.67 b 

Coating 33.0 a 224.20 a 11.0 a 8.0 a 36.72 a 2.108 a 340.87 a 

Zn source 

(mg L−1) 

0 26.0 b 210.00 c 8.0 c 7.00 c 31.07 b 1.810 c 244.00 c 

ZnSO4 20 29.0 b 207.66 c 10.0 b 7.50 bc 32.23 b 1.860 bc 246.67 c 

ZnSO4 40 37.0 a 219.33 b 11.0 b 7.83 b 38.58 a 1.730 c 280.33 c 

ZnONPs 20 38.0 a 241.83 a 12.0 a 8.83 a 43.45 a 2.620 a 437.50 a 

ZnONPs 40 37.0 a 237.00 a 12.0 a 9.50 a 39.02 a 2.310 ab 370.33 b 
1 Means within the sub-factor followed by the same letter in a column are not significantly different at p ≤ 0.05 according 

to pair-wise comparison of least square means. 

The analysis of variance for the photosynthetic pigments indicated the significant ef-

fect of DAS, seed treatment and Zn-source concentrations individually and their dual and 

triple interactions (Supplementary Tables S3 and S4). The chlorophyll fluorescence as es-

timated through the SPAD meter was recorded to be highest at 60 DAS. A concentration-

dependent enhancement in SPAD readings was recorded for ZnONPs with the highest 

values appearing for ZnONPs (40 mg L−1) treatment (Table 3). However, the total chloro-

phyll and total carotenoid contents as estimated through the acetone extraction method 

followed a similar trend of higher values at 60 DAS and in ZnONPs (20 mg L−1) treatment. 

The effect of seed coating treatment on total chlorophyll content was significantly higher 

compared to priming treatment though the total carotenoid content remained the same 

among these seed treatments. 

Table 3. Effect of application of different concentrations of ZnONPs on chlorophyll fluorescence measured with Soil Plant 

Analysis Development (SPAD) meter and total chlorophyll and carotenoid contents in maize var. J-1006. 

Source of Variation 
Chlorophyll Content 

(SPAD Readings) 

Total Chlorophyll (mg 

g−1 Fresh Leaf Tissue) 

Total Carotenoids 

(mg g−1 Fresh Leaf Tissue) 

Days after sowing 

(DAS) 

30 44.63 b 8.59 b 0.36 b 

60 46.70 a 10.22 a 0.57 a 

Seed treatment 
Priming 45.64 b 9.05 b 0.468 a 

Coating 49.14 a 9.76 a 0.464 a 

Zn source (mg L−1) 

0 44.60 c 6.24 e 0.443 bc 

ZnSO4 20 44.85 c 9.63 c 0.463 b 

ZnSO4 40 48.02 ab 8.83 d 0.456 bc 

ZnONPs 20 47.84 ab 11.67 a 0.497 a 

ZnONPs 40 48.72 a 10.66 b 0.470 b 
1 Means within the sub-factor followed by the same letter in a column are not significantly different at p ≤ 0.05 according 

to pair-wise comparison of least square means. 

3.3. Yield and Plant Nutrient Status 

The Zn-source concentrations exhibited the significant effect on the yield and attrib-

uting traits (Supplementary Table S1). The internode number in the fodder maize is a po-

tential indicator of improved growth and biomass. Seed coating treatment significantly 

enhanced the internode number. Additionally, ZnONPs treatment (20 mg L−1) signifi-

cantly improved the internode number compared to bulk ZnSO4 (20 and 40 mg L−1) and 

control treatments (Table 2). However, both seed priming and coating treatments exhib-

ited statistically on par performance for the total stover yield though ZnONPs (20 mg L−1) 

showed the highest stover yield (Table 2). 
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The type of plant tissue, seed treatments and Zn-source concentrations and their dual 

and triple interactions significantly altered the plant nutrient content including N, P, K 

and Zn contents (Supplementary Tables S5 and S6). The application of ZnONPs and bulk 

ZnSO4 resulted in an increase in NPK and zinc content in the shoot and root of fodder 

maize var. J-1006 at 60 DAS. Seed coating treatments exhibited significantly maximum N, 

P, K, and Zn contents as compared to priming treatments. Among the zinc source concen-

trations, the maximum N, P, and K contents were recorded for ZnONPs (at 40 mg L−1) 

treatment. However, maximum Zn content was recorded for 20 mg L−1 ZnONPs treatment 

with the bulk ZnSO4 (at 20 and 40 mg L−1) treatments exhibiting relatively lower Zn con-

tents (Table 4). 

Table 4. Effect of seed treatments with different concentrations of ZnONPs on plant nutrient status of fodder maize (vari-

ety J-1006) grown under field conditions. 

Source of Variation N (%) K (%) P (%) Zn (mg kg−1) 

Plant tissue 
Shoot 0.833 b 6.707 b 1.208 b 3.27 b 

Root 1.186 a 7.38 a 1.229 a 3.69 a 

Seed Treatment 
Priming 0.898 b 6.586 b 1.155 b 1.60 b 

Coating 1.120 a 8.130 a 1.237 a 3.77 a 

Zn source (mg L−1) 

0 0.703 e 4.063 e 1.076 e 1.158 e 

ZnSO4 20 0.923 d 6.70 d 1.157 d 2.456 c 

ZnSO4 40 1.032 c 7.94 c 1.201 c 2.412 d 

ZnONPs 20 1.137 b 8.87 b 1.250 b 4.167 a 

ZnONPs 40 1.251 a 9.20 a 1.297 a 3.275 b 
1 Means within the sub-factor followed by the same letter in a column are not significantly different at p ≤ 0.05 according 

to pair-wise comparison of least square means. 

3.4. Plant Quality Parameters 

Both the seed treatment and Zn-source concentration besides their interactions had 

significant effect on the plant quality parameters of fodder maize crop (Supplementary 

Tables S1 and S2). The seed priming and coating treatments with different concentrations 

of Zn sources affected the fiber qualities (neutral detergent fiber (NDF), acid detergent 

fiber (ADF), hemicellulose, and cellulose contents) of the harvested fodder maize (var. J-

1006) plants. An enhanced NDF and hemicellulose content was observed in the seed prim-

ing treatments while the seed coating treatments increased the ADF and cellulose content 

(Table 5). The application of ZnONPs (at 40 mg L−1 concentration) exhibited significantly 

highest NDF and cellulose content as compared to ZnONPs treatment (at 20 mg L−1) as 

compared to bulk ZnSO4 (20 and 40 mg L−1) and control treatments. 

Table 5. Effect of time duration (DAS) and seed treatment with various concentrations of ZnONPs applied on fiber content 

in fodder maize crop (variety J-1006) grown under field conditions. 

Source of Variation NDF (%) ADF (%) Hemicellulose (%) Cellulose (%) 

Seed Treatment 
Priming 62.42a 38.22 b 24.18 a 29.00 b 

Coating 60.60 a 40.20 a 20.90 b 30.33 a 

Zn source (mg L−1) 

0 57.30 e 37.86 bc 19.43 d 28.80 b 

ZnSO4 20 59.80 d 38.45 b 21.35 c 28.61 b 

ZnSO4 40 62.05 c 36.18 c 25.71 a 28.88 b 

ZnONPs 20 63.16 b 42.41 a 24.16 b 30.76 a 

ZnONPs 40 65.23 a 41.13 a 22.03 c 31.26 a 
1 Means within the sub-factor followed by the same letter in a column are not significantly different at p ≤ 0.05 according 

to pair-wise comparison of least square means. 
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3.5. Soil Nutrient Status and Microbial Parameters 

The soil nutrient status was significantly varied by DAS, seed treatments and the Zn-

source concentrations individually and due to interactive effects among the sources of 

variations (Supplementary Tables S7 and S8). A higher N, P, K, and Zn contents for soil 

sampled at 60 DAS was recorded (Table 6). Seed coating treatment exhibited significantly 

increased available soil N and K contents as compared to seed priming treatment. Mean-

while, among the Zn-source concentrations, significantly higher available soil N, and P, 

K, and Zn contents were recorded in ZnONPs treatments for 40 and 20 mg L−1 concentra-

tions, respectively. 

Table 6. Effect of time duration (DAS), and seed treatment with various concentrations of ZnONPs on soil nutrient content 

(N, P, K, and Zn) for fodder maize crop (variety J-1006) grown under field conditions. 

Source of Variation N (kg ha−1) K (kg ha−1) P (kg ha−1) Zn (mg kg−1) 

DAS 
35 206.72 b 198.98 b 20.10 b 2.36 b 

60 216.53a 211.56 a 24.08 a 2.70 a 

Seed Treatment 
Priming 190.13 b 199.54 b 22.25 a 2.60 a 

Coating 233.12 a 211.01 a 21.95 b 2.46 b 

Zn source (mg L−1) 

0 152.80 e 190.89 d 13.47 e 2.31 e 

ZnSO4 20 191.05 d 199.54 c 18.62 d 2.88 a 

ZnSO4 40 221.78 c 207.38 b 20.07 c 2.61 a 

ZnONPs 20 240.96 b 214.61 a 27.25 b 2.44 c 

ZnONPs 40 251.53 a 213.94 a 31.03 a 2.40 d 
1 Means within the sub-factor followed by the same letter in a column are not significantly different at p ≤ 0.05 according 

to pair-wise comparison of least square means. 

The three sources of variation, i.e., DAS, seed treatments and Zn-source concentra-

tions exhibited significant variations for the soil microbiological parameters individually, 

and as dual or triple interactions (Supplementary Tables S7 and S8). The maximum dehy-

drogenase (1.26 µg TPF formed/g of soil/h) and alkaline phosphatase activities (1.048 µg 

TPF formed/g of soil) were observed at 60 DAS which were statistically on par with en-

zyme activities at 35 DAS (Table 7). The high dehydrogenase activity (1.271 µg TPF 

formed/g of soil), acid phosphatase activity (0.98660 µg PNP formed/g of soil), and alka-

line phosphatase activities (1.20 µg PNP formed/g of soil) were observed for starch poly-

mer coating treatment as compared to no polymer treatment. The dehydrogenase (1.580 

µg TPF formed/g of soil), acid phosphatase (1.077µg PNP formed/g of soil/h), and alkaline 

phosphatase activities (1.292 µg TPF formed/g of soil) recorded for ZnONPs (at 40 mg L−1) 

were higher compared to bulk ZnSO4 and control treatments (Table 7). 

Table 7. Effect of time duration (DAS), seed treatment with various concentrations of ZnONPs on soil enzyme activities 

in fodder maize crop (variety J-1006) grown under field conditions. 

Source of Variation 
Dehydrogenase Activity (μg TPF 

Formed/g Soil/h) 

Phosphatase Activity (μg PNP/g of Soil) 

Acid Alkaline 

DAS 
35 1.2620 a 0.9035 a 0.8240 b 

60 1.2413 b 0.8716 b 1.0483 a 

Seed Treatment 
Priming 1.2323 b 0.7886 b 0.6660 b 

Coating 1.2710 a 0.9865 a 1.20633 a 

Zn source (mg L−1) 

0 0.7325 e 0.5108 e 0.5108 e 

ZnSO4 20 1.1775 d 0.8716 d 0.8400 d 

ZnSO4 40 1.2366 c 0.9430 c 0.9225 c 

ZnONPs 20 1.5316 b 1.0350 b 1.1150 b 

ZnONPs 40 1.5800 a 1.0775 a 1.2925 a 
1 Means within the sub-factor followed by the same letter in a column are not significantly different at p ≤ 0.05 according 

to pair-wise comparison of least square means. 
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The highest count of soil microbes such as bacteria, fungi, pseudomonads, 

actinobacteria, and non-symbiotic N-fixer (Azotobacter sp.) was recorded at 60 DAS. Starch 

polymer coating treatment exhibited significantly increased microbial populations as 

compared to no polymer treatment (Table 8). Among the Zn-source concentrations, 

ZnONPs (at 40 mg L−1) treatment exhibited a higher viable count of bacteria (2.99 log 

CFUg−1 soil), fungus (1.97 log CFUg−1 soil), pseudomonads (2.55 CFU g−1 soil), 

actinobacteria (2.54 log CFU g−1 of soil) and non-symbiotic N-fixer count (3.40 log CFU g−1 

of soil) as compared to bulk ZnSO4 and control treatments. 

Table 8. Effects of time duration (DAS) and seed treatment with various concentrations of ZnONPs on viable cell count of 

microbes (log CFU g−1 soil) in rhizospheric soil of fodder maize crop (variety J-1006) grown under field conditions. 

Source of Variation Bacteria Fungi Pseudomonads Actinobacteria Non-Symbiotic N-Fixers 

DAS 35 2.8760 b 1.7333 b 2.3070 b 2.4063 b 3.1266 a 

 60 2.9265 a 1.9368 a 2.4166 a 2.4883 a 3.1363a 

Seed 

Treatment 

Priming 2.8281 b 1.7856 b 2.3556 b 2.4080 b 2.9723 b 

Coating 2.9744 a 1.8845 a 2.3680 a 2.4866 a 3.3006 a 

Zn source 

(mg L−1) 

0 2.6808 e 1.7225 c 2.2166 e 2.3058 e 2.5567 b 

ZnSO4 20 2.9766 b 1.7333 c 2.2933 d 2.4350 d 3.1900 a 

ZnSO4 40 2.0166 d 1.7822 b 2.3508 c 2.4608 c 3.2033 a 

ZnONPs 20 2.9366 c 1.9665 a 2.4891 a 2.4908 b 3.3325 a 

ZnONPs 40 2.9954 a 1.9708 a 2.4591 b 2.5441 a 3.4000 a 
1 Means within the sub-factor followed by the same letter in a column are not significantly different at p ≤ 0.05 according 

to pair-wise comparison of least square means.  

3.6. Principal Component Analysis 

The PCA was performed to identify the extent of association among different plant 

vegetative, yield attributing, soil nutrient and microbiological parameters. The principal 

components (PC1 and PC2) explained the major proportion of the variance for growth 

and yield, photosynthetic pigments, soil and plant nutrient status and soil microbiological 

attributes which was 84.12, 90.35, 87.2, and 87.56%, respectively (Figure 4). The PCA re-

sults depicted a strong association among the number of leaves with stover yield and 

NDF, shoot N, soil N and shoot K traits and phosphatase enzyme activity with total soil 

actinobacterial population. Seed coating and priming with ZnONPs altered the maize veg-

etative traits, photosynthetic pigments, yield attributes, and soil and plant nutrient pa-

rameters (Figure 4a–c), while the seed priming and coating with ZnONPs and coating 

with bulk salt affected the soil microbiological properties (Figure 4d). 
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Figure 4. Principal component analysis of the maize vegetative and photosynthetic attributes, 

yield, nutrient status and soil microbiological parameters. (a) Vegetative and yield attributing 

traits, (b) photosynthetic pigments, (c) soil and plant shoot nutrient status, and (d) soil microbial 

viable counts and soil enzymatic characters. 

4. Discussion 

The synthesized ZnONPs on microscopy and spectroscopy characterizations exhib-

ited peculiar properties indicating the nano-dimensions. The morphological characteriza-

tion through SEM and TEM elucidated the occurrence of semi-spherical shape and small 

size (10 to 40 nm) dimensions of the ZnONPs. Similar morphology of the synthesized 

ZnONPs has also been reported by Urbina et al. [6]. The SEM-EDS results corroborated 

the formation of ZnONPs as indicated through the presence of the characteristic X-ray 

peaks. The UV-Vis spectroscopy analysis of the ZnONPs showed a sharp absorbance peak 

at 210 nm wavelength. A similar UV absorbance peak at 202 nm has been reported for the 

sol–gel method-derived ZnONPs [23]. The single sharp peak is indicative of the nano-

scale range and uniform size distribution of the ZnO particles in the aqueous suspension 

[6]. The Fourier Transform Infrared Spectroscopy (FT-IR) showed the occurrence of dif-

ferent functional groups derived from the solvent or other chemicals used for the prepa-

ration of the NPs to exist on the surface of the synthesized metal oxide nanoparticles. 

Metal oxides such as ZnO commonly exhibit characteristic IR absorption peaks in the fin-

gerprint region of the FT-IR spectra of the prepared ZnONPs. Chemingui et al. [30] have 

observed a wide peak in the range of 3000 to 3500 cm−1 due to the O-H bond vibration on 

FTIR analysis of the synthesized ZnONPs. The carbonate anions (O-C-O) symmetric and 

asymmetric vibrations besides the lattice vibrations have also been reported [31]. The 

three spectra contain the absorption peaks between 1100 and 900 cm−1 which can be as-

cribed to Zn-OH vibrations [32] particularly the peaks at 1018.5 and 1020.7 cm−1 in FTIR 

spectra of zinc acetate precursor salt and ZnONPs, respectively, indicate the correspond-

ing Zn-O bond vibrations. 
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Application of ZnONPs through seed priming and coating treatments enhanced the 

vegetative growth in field-grown fodder maize including improved plant height and 

number of plants per plot. This improvement may be attributed to the role of Zn in the 

production of tryptophan—the precursor of indole-3-acetic acid phytohormone [33]. ZnO 

nanoparticles can also modulate phytohormone biosynthesis of cytokinins and gibberel-

lins which can lead to an increase in the number of internodes per plant [33]. Furthermore, 

enhanced cell elongation can lead to an increase in plant height in the early stages of plant 

development [34]. Similarly, Mahdieh et al. [35] have observed maximum enhancement 

in plant height in pinto bean (Phaseolus vulgaris L.) on seed treatment with ZnONPs 

(0.15%). The photosynthetic pigments (total chlorophyll and carotenoids) were also en-

hanced on ZnONP seed treatments. Similar improvement in chlorophyll content has also 

been reported by Faizan et al. [36]. They have observed maximum chlorophyll content 

(measured as SPAD value) in tomato plant on ZnONPs treatment (8 mg L−1). 

The applied ZnONPs ensured an increase in yield due to improvement in the yield 

attributing characters of the treated plants. The yield increase can be associated with the 

increase in the chlorophyll content leading to improved photosynthetic efficiency that can 

be specifically correlated with the enhancement in the soluble protein content, starch con-

tent, and dry mass [37]. 

The macronutrients (NPK) and micronutrient, i.e., Zinc (Zn) contents in shoot and 

roots of fodder maize were also enhanced by seed priming and coating with ZnONPs. 

This may be due to improved development of the root system observed as increased root 

biomass and length, thereby increasing the nutrient uptake. These results are also in ac-

cordance with the study of Kolencik et al. [37] who have reported significantly highest 

nitrogen content (17611 mg kg−1) for ZnONPs (2.6 mg L−1) treatment compared to the con-

trol treatment in foxtail millet (Setaria italica L.). Similarly, foliar application of ZnONPs 

(30 mg L−1) in common bean plants increased the P and Zn content of leaves up to 0.34 

and 23.9%, respectively, compared to the control treatment [38]. Adhikari et al. [39] have 

also observed the highest content of Zn (38 mg kg−1) in root and shoot tissues (30 mg kg−1) 

of maize treated with 0.5 ppm zinc oxide nanoparticles. 

The forage maize fodder quality parameters are critical for its use as fresh feed for 

the livestock. Improvement in the yield and quality of the fodder maize may be attributed 

to improved photosynthesis and other metabolic processes in maize [34]. Likewise, en-

hancement in the yield and quality of forage sorghum was observed by the application of 

micronutrients such as iron, zinc, and manganese [40]. Sharifi et al. [34] compared the 

foliar and seed priming treatments of bulk and nanoformulations of zinc and iron micro-

nutrients and reported improved plant quality parameters including the P-content, bio-

mass, crude protein, and soluble carbohydrates. 

Priming and coating with different concentrations of ZnONPs significantly influ-

enced the nutrient concentration in soil. This may be ascribed to nano-scale dimensions of 

the nano-ZnO formulation which improved the solubility and dispersion of insoluble nu-

trients in soil, leading to decreased soil absorption and fixation, and increased bioavaila-

bility [34]. The soil macronutrient like available nitrogen (N), Phosphorous (P), Potassium 

(K), and zinc (Zn) micronutrient contents were also increased in the rhizosphere soil of 

plants treated with ZnONPs. The increased soil available K, P and Zn contents in the rhi-

zosphere soil may be attributed to enhanced root growth, higher production of the organic 

acids by the plant roots [41] and occurrence of P-solubilizing microbes [42] as indicated 

through greater alkaline and acid phosphatase activities which cumulatively led to de-

crease in the pH in near vicinity of the growing roots thus facilitating improved soil avail-

able K, P and Zn contents. The enhancement in the soil N content in plants treated with 

ZnONPs must be due to enhanced microbial biomass or activity particularly the non-sym-

biotic N-fixer populations [43,44] which were increased due to seed priming and coating 

treatments. These microbes could have led to fixation of the atmospheric N. Additionally, 

the higher dehydrogenase activity in the ZnONPs priming and coating treatments indi-

cate accumulation of organic N in the form of microbial biomass [44]. Furthermore, as the 
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actinobacterial population was also increased in these treatments, there will also be rise 

in the soil protease and urease activities [45] leading to higher N-transformation and avail-

ability though the same were not quantified in this report. Raliya and Tarafdar [46] and 

Raliya et al. [47] have also recorded enhancement in the microbial population and soil 

enzyme activities by the application of ZnONPs leading to mobilization of essential nu-

trients, i.e., soil N content. Zinc oxide nanoparticles also affect the soil P contents. An in-

creased amount of residual P in the soil was observed after the harvest of sorghum plants 

in ZnONPs and zinc salt treatments compared to the control treatment [48]. The applica-

tion of ZnONPs in the soil led to increased Zn concentrations in soil under maize cultiva-

tion [49]. 

The soil microbiological characteristics were also influenced by seed coating/priming 

treatments of maize seeds. The enhancement in the soil enzyme activities particularly the 

dehydrogenase enzyme activity—the enzyme involved in respiration and food mobiliza-

tion can be attributed to the role of Zn as a cofactor of the dehydrogenase enzyme [50]. 

Similarly, Kumar et al. [51] have observed significantly higher dehydrogenase activity 

(18.78 µg TPF formed/g of soil/h) on the application of nano-ZnO (40 mg kg−1) as com-

pared to the control treatment. Moreover, significantly increased acid and alkaline phos-

phatase activities have been reported on application of nano-ZnO (10 mg L−1) in the rhi-

zosphere of the cluster bean plant [46]. The soil microbial viable counts were also signifi-

cantly increased in soil sampled from field plots belonging to ZnONPs priming and coat-

ing treatments. Kumar et al. [51] have reported similar results on the application of nano-

ZnO. Likewise, Raliya and Tarafdar [46] have shown enhanced microbial populations on 

treatment with nano-ZnO (10 mg L−1) in the rhizospheric soil of cluster bean. 

The PCA results of this study showcased a strong association for vegetative, yield 

attributing, soil nutrient, and microbiological characteristics with both seed coating and 

priming treatments of Zn-source particularly ZnONPs. These results are in accordance to 

the study of Popovi´c et al. [52] who have observed improvement in the seed emergence, 

plant height, spike length and grain weight plant−1 traits in wheat which were found to be 

associated with the seed priming treatment with ZnONPs. Likewise, another PCA analy-

sis on the effect of soil application of urea crystals coated with Bacillus sp. augmented ZnO 

particles on wheat depicted that this treatment was the second best after the zinc sulphate 

coated urea treatment in the PCA score plots. Additionally, in a pot-culture study of Aziz 

et al. [53] on perennial ryegrass, the PCA revealed that the soil chemical and microbiolog-

ical traits besides the dry matter and plant nutrient status were very well correlated and 

associated with ZnO nanoparticle treatment. 

5. Conclusions 

The application of nano-ZnO as seed polymer coating/priming treatment enhanced 

the vegetative growth, fodder yield, and fiber quality of the fodder maize (var. J-1006). 

Furthermore, ZnONPs coating or priming treatments also proved to be better to enhance 

the available zinc micronutrient in fodder maize crop (var. J-1006) cultivated under the 

field conditions. Thus, using a very low quantity of ZnO nanofertilizer through seed treat-

ment can help reduce the application doses of zinc fertilizers and, thus, the wastage of 

conventional Zn-fertilizers. Furthermore, environmental hazards associated with the mul-

tiple/over-application of Zn-fertilizers can also be effectively addressed. Incidentally, the 

ZnONPs as Zn-fertilizers can help increase Zn-nutrient use efficiency in fodder crops spe-

cifically fodder maize cultivated under field conditions. 

Supplementary Materials: The following are available online at www.mdpi.com/2073-

4395/11/4/729/s1, Table S1: Analysis of variance (ANOVA) for seed treatments, concentration of Zn-

source and Treatment×concentration for vegetative, yield attributing and quality parameters of fod-

der maize crop (variety J-1006) grown under field conditions, Table S2: Interaction effect of seed 

treatments and concentration of Zn-source on vegetative, yield attributing and quality parameters 

of fodder maize crop (variety J-1006) grown under field conditions, Table S3: Analysis of variance 
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(ANOVA) for seed treatments, concentration of Zn-source and Treatment×concentration for photo-

synthetic pigments of fodder maize crop (variety J-1006) grown under field conditions, Table S4: 

Interactive effect of seed treatments and concentration of Zn-source on photosynthetic pigments in 

fodder maize crop (variety J-1006) grown under field conditions, Table S5: Analysis of variance 

(ANOVA) for seed treatments, concentration of Zn-source and Treatment×concentration for plant 

nutrient content of fodder maize crop (variety J-1006) grown under field conditions, Table S6: Effect 

of plant tissue type, seed treatments and concentration of Zn-source on plant nutrient content of 

fodder maize crop (variety J-1006) grown under field conditions, Table S7: Analysis of variance 

(ANOVA) for DAS, seed treatments, concentration of Zn-source and their interactions on soil nutri-

ent content, enzymatic activities and soil microbial viable counts of fodder maize crop (variety J-

1006) grown under field conditions, Table S8: Effect of DAS, seed treatments and concentration of 

Zn-source on soil nutrient content, and microbiological characteristics in fodder maize crop (variety 

J-1006) grown under field conditions.  
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