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Abstract

Zinc (Zn) possesses nutritional importance for humans, animals, and plants, making it a crucial element in their dietary
requirements. In the current study, the effect of zinc oxide nanoparticles (ZnONPs) solution at four different concentra-
tions (0, 0.5, 1.0 and 5.0 g/L) at 20-day interval on pea plants grown in Zn-deficient soil was assessed for remediation
of Zn deficiency and enhanced Zn fortification. Zinc oxide nanoparticles were synthesized by using sol-gel method and
characterized by UV-Vis spectroscopy, Fourier transform infrared (FTIR), Scanning Electron Microscopy (SEM), and
X-Ray diffraction (XRD) and EDX pattern. The soil samples were analysed for microbial counts, chemical properties,
dehydrogenase activity and vegetative characteristics, nutrient profile, and yield parameters according to their respective
methods. The change of solution colour to off-white confirmed the synthesis of ZnONPs. ZnONPs were characterized by
UV-Vis spectroscopy with a broad peak at 380 nm. The presence of NH/OH, C-H, C-C, C-O, C-N, CI-C-O functional
groups were confirmed by FTIR spectrum. The crystalline structure with hexagonal arrangements was described by the
XRD pattern. The EDX pattern of ZnONPs showed the zinc composition as 45.9% and oxygen was 54.05%. The SEM
images showed that the size of ZnONPs was of 37 nm. The application of ZnONPs at a concentration of 5.0 g/L signifi-
cantly improved the growth and yield parameters. However, the highest value for root characteristics was attained with
the application of ZnONPs at a concentration of 1.0 g/L. The microbial soil counts and enzyme activities such as viable
cell counts, and dehydrogenase activity was highest at 5.0 g/L. ZnONPs treatment. The treatment of ZnONPs successfully
reverted the symptoms of Zn-deficiency besides the improvement of the Zn content of plant, although the response was
concentration dependent. These findings indicate that ZnONPs can be effectively used for remediation and Zn fortifica-
tion in pea plants cultivated under low soil Zn concentrations. The present study emphasizes the potential of ZnONPs to
address micronutrient deficiencies, promote crop growth, and enhance soil health, offering a sustainable and controlled
approach to zinc applications in agriculture.
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1 Introduction

In the quest of sustainable agricultural practices, the signifi-
cance of fertilizers in achieving optimal crop yield and qual-
ity cannot be neglected. As global population is increasing
day by day, the demand for food production poses pressure
on conventional farming methods. Consequently, there is a
growing need for innovative and eco-friendly approaches
to enhance crop nutrition without compromising natural
environment.

Pea plants are well known for their versatile nutritional
values and the best example of how the health of the soil and
the growth of crops are closely connected.

Peas are rich in protein, starch, fiber, and micronutrients,
making them a beneficial addition to a healthy diet with
numerous health-promoting advantages. Additionally, peas
contain various bioactive compounds such as enzyme inhib-
itors, lectins, phytic acid, phenolics, and oligosaccharides
(Wu et al. 2023). As leguminous plants, they are not only a
staple in diets worldwide but also contribute to sustainable
farming practices through their ability to fix atmospheric
nitrogen. However, like many crops, peas face challenges
related to nutrient deficiencies, impacting both yield and
nutritional content (Quintieri et al. 2023; Saberi et al. 2023).

Zinc (Zn) deficiency is one of the most worldwide dis-
orders of micronutrient (Zeng et al. 2021) in plants. The
proper growth of plants is dependent on Zn element and
its importance can be attributed to its major role in vari-
ous biochemical, metabolic, and physiological processes.
These include the necessity for the biogenic machinery of
respiratory system, proteins such as cytochrome, structural
proteins, nucleotides, proper gene expression, enzymes’
activation, chlorophyll production, maintenance of mem-
brane activity, and enhanced maturation of seeds and stalks
(Umair et al., 2020). Additionally, for all major six classes of
enzymes, it serves as a cofactor for more than 300 enzymes.
Furthermore, in plant zinc plays a central role in detoxifica-
tion mechanisms, specifically in pathways related to reac-
tive oxygen species (ROS) (Rudani et al. 2018). Therefore,
Zn is a vital micronutrient for the optimal growth and devel-
opment of crop plants and is also essential for their overall
health.

Zn concentration in soil has been suggested to improve
plant’s growth and yield. Increasing zinc levels up to 60 mg,
Zn is beneficial for both agronomy and human health. These
strategies include traditional breeding method, fertilizer
management, seed priming, and fortification (Rashid et al.,
2019). The content of zinc availability changes according
to the type of soil. The key factors influencing the Zn avail-
ability are high pH carbonate content and low redox poten-
tial. Therefore, ZnONPs, a product of an interdisciplinary
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field of nanotechnology emerging as positive alternative for
remediating zinc deficiency in fertilizers.

The ZnONPs application is expected to effectively sup-
ply zinc to plants, specific to their small size, easy solubility,
diffusible nature, and easy solubility facilitating plant for
rapid and complete absorption. In crop plants, it addresses
the nutritional needs and deficiencies. Moreover, ZnONPs
are taken up more quickly by plants for better growth of
plants (Al-Jabri et al., 2022). The reduced hydrophilicity
and enhanced dispersibility of ZnONPs in lipophilic sub-
stances may improve their ability to penetrate the surface
of leaf and release ions across cuticle, surpassing water-
soluble ions (Reshma and Meenal 2022). These unique
properties of ZnONPs are expected to contribute the higher
yield in crops. In the field of agricultural research, the use
of nanotechnology, particularly Zinc Oxide Nanoparticles
is emerging as a novel approach to address challenges asso-
ciated with zinc deficiency in soil and enhance crop yield.
This study explores innovative approaches for sustainable
zinc nutrition and crop yield enhancement in pea plants
using ZnONPs. Unlike traditional methods that rely heavily
on chemical fertilizers, our research emphasizes sustainable
agricultural practices by exploring the unique properties of
ZnONPs to improve plant growth and soil health.

Therefore, the present study aimed to analyse the effect
of Zinc Oxide Nanoparticles (ZnONPs) as a non-fertilizer
on the growth of pea plants. Additionally, it aimed to inves-
tigate the impact of varying concentrations of ZnONPs on
growth parameters, such as plant height, leaf area, and bio-
mass accumulation, as well as physiological and biochemi-
cal responses, including chlorophyll content, photosynthetic
efficiency, and antioxidant enzyme activities, under zinc-
deficient conditions. The core objective was to develop
innovative and sustainable strategies to improve zinc nutri-
tion and enhance crop yield in pea plants, promoting food
security and agricultural sustainability.

2 Materials and methods

The experiment of greenhouse pot was conducted at Depart-
ment of Biological Science, International Islamic University,
Islamabad, Pakistan. The initial Zn-deficient soil was col-
lected from National Agricultural Research Center, Islam-
abad. The initial biological and chemical characteristics of
sol are outlined in Table 1. The pea plants were grown in
Zn-deficient soil in shallow trays for the period of 3 weeks.
Following this, one plant per pot was transplanted in 1 kg
of zinc deficient soil and cultured until the onset of typi-
cal symptoms associated with Zn deficiency, characterized
by leaf browning. After the appearance of symptoms, lig-
uid ZnONPs were introduced in the soil with four different
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Table 1 Initial chemical and microbial characteristics of soil

Soil measurements Values
pH 8.27
EC (dS/m) 0.25
OC (%) 0.26
K (kg/ha) 224.3
P (kg/ha) 17.3
N (mg/kg) 25.0
Cu (mg/kg) 0.11
Mn (mg/kg) 0.70
Fe (mg/kg) 0.83
Zn (mg/kg) 0.35
Total bacteria (10°) 7.67
Actinomycetes (10%) 2.15
Rhizobia (10%) 0.00
Fungus (10%) 3.64
Pseudomonads (10%) 6.88

concentrations, i.e., 0, 0.5, 1.0, and 5.0 g/L at 10-day inter-
vals. Each experiment was conducted in triplicates.

2.1 The Chemical Properties of Soil

The assessment of chemical properties for the experimental
soil was conducted at 0 and 40 days after treatment (DAT)
(Table 1). Soil organic carbon was determined using the
rapid titration method (wet digestion) by Sato et al. 2014.
Beckmen glass electrode pH meter was used to measure pH
and electrical conductivity of soil. Macronutrients like nitro-
gen (N) were examined by alkaline permanganate method,
phosphorus availability was determined through ascorbic
acid reduction method (Nisab et al. 2020), and available
potassium using a flame photometer with neutral ammo-
nium acetate as an extractant. Micronutrient content in the
soil, including Fe, Mn, Zn, and Cu metals, was extracted
through DTPA method (Dhaliwal et al. 2021) and quantified
using atomic absorption spectroscopy (AAS).

2.2 Synthesis of Zinc Oxide Nanoparticles

ZnONPs were synthesized following the methodology of
(Zhou et al. 2023) by using a sol-gel method. 8 g of zinc
acetate was mixed with 15 ml of distilled water and stirred
for five minutes. 32 g of sodium hydroxide was added into
mixture of water and zinc acetate and stirred again for five
minutes on a magnetic stirrer. Subsequently, 100 ml of
ethanol was titrated drop by drop into the solution of zinc
acetate and sodium hydroxide, which resulted in the forma-
tion of white precipitates. The solution was centrifuged for
30 min at 300rmp, supernatant was removed, and nanopar-
ticles were collected from the bottom. The nanoparticles
were washed three times with distilled water to remove by-
products. The nanoparticles were dried at 80 °C overnight

resulted in white fine powder and utilized as a nano-fertil-
izer for the growth of pea plants.

2.3 Characterization of Zinc Oxide Nanoparticles
2.3.1 UV-vis Spectroscopy

UV-Visible Spectrophotometer was used for the character-
ization of zinc oxide nanoparticles (Perkin Elmer, Lambda
35, Germany). A small amount of zinc oxide nanoparticles
was mixed the ethanol solvent for the preparation of sample.
The absorbance of ZnONPs was evaluated at wavelength
ranges from 300 to 400 nm.

2.3.2 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectrometer 1760X (PerkinElmer) with infrared radi-
ation was used for FTIR analysis at room temperature for
1 h. The FTIR was recorded from 400 to 4000 cm™! with
a resolution of 2 cm™!. FTIR analysis was used to evaluate
the existence of functional groups of synthesized ZnONPs.

2.3.3 X-Ray Diffraction (XRD)

The crystalline structure of zinc oxide nanoparticles was
observed using XRD equipped with Cu and Ko radiation
source (A=1.540562 A) for 2 h at 30-40kv and 15 mA on 20
scales with a step size of 0.02 degree.

2.3.4 Scanning Electron Microscopy (SEM)

The morphological characteristics and dimensions of
ZnONPs were obtained using high vacuum scanning elec-
tron microscopy (JEOL JSM 5910 LV) with voltage ranging
from 15 to 200 kV and a resolution of 2.4 A. The ZnONPs
sample was affixed to copper adhesive tape for the analysis.

2.3.5 Energy Dispersive Spectroscopy (EDS)

SEM did the elemental analysis with EDS for analysing the
metal composition of zin oxide nanoparticles. The exact
design of zinc oxide nanoparticles with other elements like
impurities was also confirmed by EDS.

2.4 Soil Microbial Properties

The soil microbial properties were analysed according to
the methodology of Bala et al. 2019. The quantification of
soil microorganisms’ viability involved the analysis of total
aerobic bacteria on Nutrient agar, differential counting of
pseudomonads on King’s B agar, assessment of actinobac-
teria on Actinomycetes agar, and enumeration of rhizobia
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on CR-YEM agar. The quantification of total fungi was
conducted on PDA using serial dilution spread technique at
regular intervals (0, 10, 20, and 40-days post-transplanta-
tion) before the application of ZnONPs. The calculation of
soil dehydrogenase enzyme activity was followed accord-
ing to the methodology by Meena and Rao in 2021. For
microbial respiration analysis, soil samples were incubated
in Erlenmeyer flasks, each containing 50 g of soil. A 15 ml
screwcap vial with cork cap containing 5 ml of KOH solu-
tion (0.2 mol/L) was incubated in dark at 25+2 °C, and
experiments were conducted in triplicates. After 24 h, the
KOH solutions were extracted and analysed for CO, using
the titration method, as described by Li et al. in 2008. The
activities of dehydrogenase enzyme and soil microbial res-
piration were recorded at the initial stage, as well as 20 and
40 days after transplantation, prior to the application of
ZnONPs suspensions.

2.5 Photosynthetic Parameters

Chlorophyll measurements were conducted at the midpoint
of every leaf blade using a chlorophyll meter (SPAD-502,
Minolta Camera Co. Osaka, Japan) for measuring the fully
extended index leaves per pot at 0, 10, 20, and 40 days after
transplanting (DAT) and experiment was performed in trip-
licate. These dimensionless values were recorded based on
transmittance ratios utilizing 650/940 nm wavelengths.

2.6 Growth and Yield Characters

Vegetative growth parameters i.e. shoot length including
both fresh and dry weight, and root mass (dry weight, vol-
ume, and fresh), were analysed. Additionally, yield-con-
tributing characteristics such as the total number of grains
per plant, and grain weight were analysed at 40 days after
transplantation (DAT) and during the harvesting period,
respectively.

2.7 Plant Nutrient Status

Samples of shoot were collected from 1 cm above the soil
surface at the end of the experiment using a stainless-steel
blade and washed with double-distilled water. On Whatman
filter paper no. 1 these samples were placed, air-dried, and
later oven dried at 65+2 °C until a constant weight was
obtained and analysed for micro and macronutrient con-
tents. Quantification of nitrogen content in root and pea
samples was carried out using the Kjeldahl method. The
samples were digested with 10 ml of concentrated sulfuric
acid in the presence of a digestion mixture. This process, as
per Kjeldahl’s method, facilitates the release and subsequent
measurement of nitrogen compounds for accurate analysis.
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For the determination of phosphorus and potassium content
in peas and roots, a di-acid mixture (HNO3 and HCIO4 in
a ratio of 4:1) was utilized to treat the samples. Phosphorus
content was analysed using the Vanadomolybdate method,
generating a yellow colour in an HNO3 system, while
potassium content was measured via Flame Photometry.
For micronutrients (Mn, Cu, Fe, Zn) estimation, oven-dried
pea samples, as well as roots were wet digested in a di-acid
mixture of 15 ml HNO3 and HCIO4 (3:1). The measure-
ment was conducted using Atomic Absorption Spectropho-
tometry, following the methodology of Wheal et al. in 2011.

2.8 Statistical Analysis

The results were statistically analysed by utilizing general-
ized linear model through SAS software (version 9.2). The
means were differentiated by using the least significant dif-
ference (LSD) at a significance level of p <0.05.

3 Results

3.1 Synthesis and Characterization of Zinc Oxide
Nanoparticles

The ZnONPs were synthesized successfully by sol-gel
method. The change of solution colour to off-white con-
firmed the synthesis of ZnONPs. The solution was placed at
176 °F for oven drying overnight and the pellet was oven-
dried to acquire pure nanoparticles.

The UV-Vis spectroscopy analysis of the synthesized
ZnONPs showed absorption peak at 380 nm (Fig. 1a). The
sharp absorption of ZnONPs, compared to bulk Zinc, con-
firmed the presence of monodispersed nanoparticles. The
FTIR transmission spectrum revealed a significant peak
at 3200/cm (Fig. 1b), with peaks at 898.24/cm, 422.52/
cm, 3421.36/cm, 2921.41/cm, 1631.26/cm, 1416.23/cm
corresponding to C-C, CI-C-O, NH/OH, C-H, C-O, C-N
stretching of different functional groups, respectively. The
hexagonal ZnO wurtzite structure of the nanoparticles was
confirmed by diffraction peaks in the XRD pattern (Fig. 1c).
The EDX analysis determined the percentage composi-
tion of the synthesized nanoparticles, with zinc accounting
for 45.9% and oxygen for 54.05% (Fig. 1d). SEM images
illustrated that the synthesized nanoparticles had a wurtzite
structure characteristic of ZnO nanoparticles, with a mean
size of 37 nm (Fig. le).
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Fig. 1 Characterization of synthesized ZnONPs. (a) UV-vis spectrum (b) FTIR spectra (¢) XRD spectrum (e) EDX profile (f) SEM

3.2 Soil Chemical Properties

3.2.1 Soil pH, Organic Carbon (0OC), and Electrical
Conductivity (EC)

The initial analysis of soil chemical properties, including
organic carbon, electrical conductivity, pH, and micro and
macronutrient contents, is presented in Table 1. Initially,
the soil exhibited an alkaline pH with low levels of organic
carbon and zinc. After treatment, the duration and concen-
tration of ZnONPs significantly influenced soil pH, organic
carbon, and electrical conductivity, as outlined in Table 2. In
the days following treatment, there was a notable increase
in organic carbon (0.34 vs. 0.26%) and electrical conductiv-
ity (0.26 vs. 0.24 dS/m), with the values at 40 DAT being
significantly higher than those at 0 DAT in the soil (Table 2).

The application of ZnONP to the soil, a minor decrease
in soil pH was observed. The most significant pH reduc-
tion (8.260) occurred in the 1.0 g/L treatment, followed by
treatments with 5.0 g/L (8.34) and 0.5 g/L (8.35), in con-
trast to the control (8.37) at 40 DAT (Table 2). The high-
est organic carbon content (0.339%) was observed in the
5.0 g/L ZnONPs treatment, highlighting organic carbon as
a crucial biofertility indicator. This value was significantly
higher compared to other ZnONPs treatments and the con-
trol (0.302%) organic carbon (Table 2). The soil electrical
conductivity, representing the concentration of soluble salts
and provides direct measurement of salinity, was minimally
affected by ZnONP application, as observed in other soil
parameters. The recorded values did not exceed the cru-
cial limit of 4.0 dS/m, as indicated by the study. The treat-
ment with 1.0 g/l ZnONPs showed the highest electrical
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Table 2 Mean effect of DAT and ZnONPs concentrations on soil nutrient status and chemical properties at Day-0 and Day-40 in pea plants

pH K (kg/ha) P(kg/ha) N (mg/kg) Fe(mgkg) Zn(mgkg) Mn(mgkg) Cu(mgkg) OC (%) EC(dS/m)

Days after treatment (DAT)

0 827a  224.30a 17.30a 25.0b 0.83b 0.35a 0.70b 0.11b 0.26b 0.25b

40 829a  121.50b 13.64b 33.0a 5.85a 0.27b 1.16b 0.34a 0.34a 0.26a
ZnONPs Concentration (g/L)

0.0 837a 172.58a 14.74a 26.0c 3.84a 0.31d 0.74a 0.42a 0.302d 0.25¢

0.5 835b 171.24a 15.73b 31.0b 3.62a 0.33c 0.97b 0.33b 0.309¢ 0.27b

1.0 826b 173.13a 14.36¢ 32.0a 3.64a 0.37b 0.81c 0.33b 0.323b 0.34a

5.0 834d 171.46a 13.82d 33.0a 3.93a 0.38a 0.77d 0.21c 0.339a 0.29b

Means within a sub-factor represented by the same letter in a column do not show a significant difference at p <0.05, as per pairwise comparison

of least square means

Table 3 Analysis of variance of days after treatment (DAT) and concentration of ZnONPs (C) for total bacterial, pseudomonads, rhizobia, actino-

mycetes, and fungus count (cfu/g) in pea plants soil

Source Degree of freedom Total bacteria Actinomycetes Rhizobia Fungus Pseudomonas
Days after treatment (DAT) 4 0.89%** 15.74%** 110.31%%** 0.36%** 1.85%**
ZnONPs Concentration (C) 3 0.02%** 0.03*** 0.01%** 0.00"! 0.18%***
DAT*C 12 0.00%*** 0.02%*** 0.01*** 0.03*** 0.01%***

The values represent the average sum of squares for each parameter and treatment. *p <0.05, **p <0.01, ***p <0.001, nil, not significant at

p<0.05

conductivity (0.34 dS/m), followed by treatments with
5.0 g/L and 0.5 g/L, while the control showed the minimum
value (0.25 dS/m) (Table 2).

3.3 Soil Macronutrients

The concentration of days after treatment (DAT) and
ZnONPs showed a significant impact on soil macronutri-
ents, specifically nitrogen (N), phosphorus (P), and potas-
sium (K). Over the treatment period, there was an increase
in nitrogen (33 vs. 25 mg/kg) at 40 DAT compared to 0
DAT. However, for phosphorus (17.30 vs. 13.60 kg/ha) and
potassium (224.30 vs. 121.50 kg/ha), the highest values
were observed at 0 DAT in the soil (Table 2).

Among the treatments, the highest nitrogen availability
was observed at 5.0 g/L (33 mg/kg) and 1.0 g/L (32.0 mg/
kg), followed by 0.5 g/L (31.0 mg/kg) (Table 2). In con-
trast, the phosphorus content in the soil was observed to
decrease with the increasing ZnONPs application rate. The
highest soil phosphorus content was recorded in the con-
trol (17.30 kg/ha), followed by the ZnONPs treatment with
0.5 g/L (15.73 kg/ha) at 40 DAT (Table 2).

The highest potassium value was registered in the 1.0 g/L
treatment (173.13 kg/ha), which was comparable to the con-
trol (172.58 kg/ha) and other ZnONPs treatments (Table 2).
However, the interactions post-treatments across the days
also had a significant effect on the availability of phospho-
rus and nitrogen content related to ZnONPs concentration.
These results indicate that the available soil macronutrients
changes with the application of ZnONPs treatments and
across various DATs.
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3.4 Soil Micronutrients

The soil zinc micronutrient contents were significantly
influenced by both the days after treatment (DAT) and the
concentration of ZnONPs. The application of ZnONPs had
a notable effect on soil zinc content. Over the treatment
period, the soil zinc concentration at 0 DAT was notably
higher than that at 40 DAT (0.35 vs. 0.27 mg/kg) (Table 2).
The highest recorded soil zinc content (0.38 mg/kg) was
observed in the treatment of ZnONPs at 5.0 g/L (Table 2).
The relationship between DAT and treatment with ZnONPs,
as indicated by DAT X C, had a significant impact on soil
zinc content. This suggests variations in soil levels across
different DATs and ZnONPs treatments.

Similarly, the micronutrients manganese (Mn), copper
(Cu), and iron (Fe) were significantly affected by both DAT
and various concentrations of ZnONPs. Within the DATS,
the soil micronutrient values (Mn, Cu, Fe) at 40 DAT were
notably higher than those at 0 DAT (Table 2). High values
of Mn and Cu were observed among the treatments com-
pared to the soil without applied ZnONPs. However, the soil
treated with ZnONPs exhibited higher Fe content compared
to the control (Table 2). There was a relationship between
DAT and ZnONPs concentration, significantly impacting
soil Zn, Cu, and Mn.

3.5 Soil Microbial Counts

The microbial soil count showed a significant impact due
to the interaction between days after treatment (DAT) and
the concentration of ZnONPs. This indicates variations in
microbial soil count among different DATs (Table 3). The
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Table 4 Interaction effect of days after treatment (DAT) and concen- Tees
tration of ZnONPs on soil dehydrogenase activity and soil microbial n N = v
respiration in pea plants soil $| f| $| f|
Days after Concentration ol 5 2 2 .
treatment ZnONPs (g/L) Dehydrogenase Soil micro- D D :
(DAT) act1v1tyh(;:g blal respira- § § § g
TPF/g/h) tion (mg/L) oz g il
20 Control 43+0.32d 0.031+0.64b HH A gl
0.5 5.6+0.65¢ 0.0330.31a gl2 €zl
1.0 5.8+0.47b 0.034+0.51b T o o s|e
~ T 0 & O3
5.0 6.18+0.83a 0.036+0.43a gl [222Z2=
40 Control 44+0.56d 0.03040.85b S g B
0.5 442032 0.031+£0.67a ggle ¥ 5|2
Gy
1.0 4.9+0.60b 0.032+0.22¢ = o2 |2
= ° 3 |8
5.0 5.98+0.41a 0.029+0.26d =l S g = ; 2
Means within a sub-factor represented by the same letter in a column @ g i’l :l ;tl ;'F_l 8
do not show a significant difference at p <0.05, as per pairwise com- Sl=|lolY © S = g
. =|Cl=l©o v F <| 3
parison of least square means oy = °
* Initial dehydrogenase enzyme activity (1.48+£0.66 png TPF/g/h); é = §
soil microbial respiration (0.015 +0.23 mg/L) sl |E g
b 2 o € ol &
5] 5|8 8 & 8l
. . . g SlS S < S| =
highest microbial count was observed at 35 DAT, suggest- s 2ls S H 2 2
ing a greater count of microbes among the different DATs. § gl d ST 2le
The application of ZnONPs had a significant effect on S i AR 4
soil microbial count. In terms of bacteria, a higher microbial = 2 o o a o %
count was observed for pseudomonads, fungi, and rhizobia 2 gﬁ 88 =23 g
with the 5.0 g/L treatment of ZnONPs. However, the count é ; ?. 3 i f| =
of actinomycetes count was remained either low or was =l |8 oA %
comparable to the control treatment among various ZnONP s z2| 5 E
ol 8
treatments. Cl8|2|lo o S of&
ol I-11C: SRS oY
EHHEEREIE
3.6 Soil Enzyme Activities slzlgld d g :
Sleli|le =28
A significant improvement in soil microbial respiration = = -
.. . =] b S}
and dehydrogenase activity was observed in treatments of 2l BT 22 &l
ZnONPs, indicating a certain influence on the enzyme activ- 5 2l o = S| E
ities of soil microbes. The highest values of dehydrogenase § E 5?' :EI ltl ;l =
activity (6.18 pg TPF/g/h) and microbial respiration of the ol | A AR -
. (=}
soil (0.036 mg/L) were recorded for 5.0 g/L treatment of S %1) o E
= v ¢ <
ZnONPs (Table 4). El BTS2
g Olen © | L —~
g E‘fl['\','?li“émg
3.7 Growth Characters Slel8lm S 338 23
o R DR E- NI
258t glr ey
. SlES=cs < 3|w § =
3.8 Shoot Length and Biomass slslE[H A HHEE T
- e I
_ _ o glalf|@ B R &8 ¢ g
Increasing concentrations of application of ZnONPs resulted Sla & £ =
. . . . . . a S~ — o
in a significant increase in the length of the shoot and bio- § ) 8 5%
. . =
mass (Table 5). The maximum plant height (76.40 cm), 5|8 & 5 @
. . S|E L B 5
fresh weight (13.50 g), and dry weight (9.90 g) were noted b LE 3 5 K
with the application at 5 g/LL ZnONPs, showed higher values g § S S A
than different treatments and the control (Table 5). =3 £ 1 é
M & _ 2 9 =
n S n < .8
v | S 5 £
= g > £
=g 1IS823IFfs
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3.9 Root Biomass

Root biomass was significantly affected by the application
of ZnONPs through at various concentrations (Table 5).
Root volume (27.72 mm3), fresh weight (19.28 g), and dry
weight (5.10 g) showed a significant increase with ZnONP
application at a concentration of 1.00 g/L compared to other
ZnONPs treatments besides control (Table 5).

3.10 Chlorophyll Content

The content of chlorophyll serves as a marker for net photo-
synthesis and plant growth. Various treatments of ZnONPs
application resulted in significant differences in chlorophyll
content, with significant changes observed among differ-
ent concentrations of ZnONPs and days after treatment
(DAT) (Table 5). At 35 DAT, the maximum chlorophyll was
recorded, showing a significant increase compared to the
chlorophyll levels at 0 DAT (Table 5). The highest chloro-
phyll content was observed in treatment with ZnONPs at a
concentration of 5.0 g/L (53.84 for SPAD) (Table 5). The
chlorophyll content in leaves changed based on the interac-
tion effects, particularly influenced by DAT and the ZnONPs
concentration (Table 5).

3.11 Nutrient Uptake by Shoot, Root, and Grain

ZnONPs treatments had a significant impact on Zn content
in the root, shoot, and peas, (Table 6). In control plants,
low Zn concentrations were observed in the shoot, root,
and grain, while high Zn contents were recorded in plants

treated with ZnONPs. The highest Zn content in the shoot
(123.93 mg/kg), root (91.85 mg/kg), and peas (20.00 mg/
kg) was observed in the 5.0 g/L treatment. Other micronutri-
ents (Mn, Fe, and Cu) were also affected by the application
of ZnONPs (Table 6). Enhanced Mn, Fe, and Cu contents
were observed in the shoot by the application of ZnONPs,
Mn and Cu in the grain, and Mn in the root. Thus, these
nanoparticles modulated the shoot, root, and grain micronu-
trient contents in a differential manner.

A significant changing pattern was observed in in macro-
nutrient N and P levels in the root, shoot, and peas resulted
from the concentration of ZnONPs. In the 5.0 g/L treatment,
a higher uptake of N by the shoot (106.0 mg/kg) and peas
(156.0 mg/kg) was observed, while for the root (112.0 mg/
kg), it was recorded in the 1.0 g/L treatment, in comparison
with the control (Table 6). The nitrogen absorption increased
with the rise in ZnONPs concentration, except for root N
levels, indicating the adverse impact of higher ZnONPs
concentrations on root parameters. The highest phospho-
rous value in the shoot (19.00 mg/kg), root (29.00 mg/kg),
and peas (18.0 mg/kg) was noted in the control treatment.

3.12 Grains Weight and Number

The foliar application of ZnONPs at various concentrations
significantly affected yield-related characteristics, such as
the total number of grains per plant and the grain weight,
compared to the untreated control. These yield-related
characteristics improved as the concentration of ZnONPs
increased. The highest number of grains per plant (362)

Table 6 Effect of foliar application of different concentrations of ZnONPs on shoot, root, and peas macronutrient and micronutrient content of

Zn Cu Mn

pea plants

ZnONPs Macronutrient (mg/kg) Micronutrient (mg/kg)

Concentra- K N P Fe

tion (g/L)

Shoot

Control 228.0+0.150a  67.0+0.017c 19.0+0.000a  263.50+1.326¢ 34.23+1.002d
0.5 239.0+0.085a  78.0+0.000b 13.0+0.000b  270.21+1.218b  45.49+0.759¢
1.0 245.0+0.075a  105.0+0.040a 10.0+£0.000c  254.52+0.087d  56.21+0.335b
5.0 267.0£0.082a 106.0+£0.027a  9.0+0.000d 338.91+£0.791a 123.93+£2.750a
Root

Control 521.0+0.088a 75.0+0.012d 29.0+0.003a  410.36+44.511a 34.92+1.906d
0.5 511.0+0.033a  91.0+0.012b 24.0+0.010b  449.63+9.557a 55.01+£2.179¢
1.0 531.0+0.088a 112.0+0.012a 12.0+0.000c  438.56+3.754a 64.34+1.244b
5.0 525.0+£0.088a 81.0+0.027c 10.0+0.003d  450.71+3.538a 91.85+0.682a
Peas

Control 118.0+0.088a  104.0c+0.012c  18.0+0.000a 68.82+6.781a 12.16+0.244d
0.5 121.0+0.100a  141.0+0.035b 15.0+0.000b  78.84+10.244a 16.03+0.146¢
1.0 118.0+0.088a  139.0+0.024b 13.0+0.006c  75.69+4.736a 17.82+0.127b
5.0 118.0+0.088a  156.0+0.003a 11.0+0.003d  89.55+18.978a 20.00+0.268a

6.87+0.023b
9.66+0.033a
5.68+0.435¢
6.80+0.396b

24.84+0.589a
24.36+0.693a
24.76+0.391a
24.10+0.145a

3.43+0.076ab
3.37+0.148a
2.46+0.190c
2.55+0.134bc

87.21+0.537a
87.16+£0.507a
79.04+0.757b
71.56+0.454¢

332.57+12.702a
121.05+3.819¢
131.81+2.022¢
200.33+1.450b

23.40+1.747b
23.38+0.953b
29.01+0.794a
31.87+0.400a

Means within a sub-factor represented by the same letter in a column do not show a significant difference at p <0.05, as per pairwise comparison

of least square means. *Average + standard error from triplicate samples
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and the highest grain weight (29.09 g) were observed in the
treatment with 5 g/ ZnONPs (Table 7).

4 Discussion

Zinc oxide nanoparticles (ZnONPs) serve a crucial role
in fertilizers by enhancing plant growth and development.
ZnONPs provide an efficient means of delivering zinc,
an essential micronutrient, to plants, to combat zinc defi-
ciency in soils. By improving nutrient uptake and utiliza-
tion, ZnONPs contribute to increased crop yield and overall
plant health. Their controlled release properties can mini-
mize environmental impact, ensuring optimal zinc avail-
ability without the risk of over-fertilization. Additionally,
ZnONPs support soil health by aiding enzymatic processes
and microbial activity (Mi et al. 2023).

In the present study, effect of ZnONPs was analysed as
a nonfertilizer on the growth of pea plants. The ZnONPs
were synthesized successfully by sol-gel method and
change in colour confirmed the process of synthesis. The
maximum absorption peak at 380 nm was observed in
the UV visible spectroscopy of the synthesized ZnONPs
(Fig. 1a). The presence of monodispersed nanoparticles
was confirmed through the sharp absorption of ZnO
nanoparticles compared to bulk Zinc. FTIR transmission
spectra showed intense peak at 3200 cm—1 (Fig. 1b). The
peak at 3422.63 cm—1, 2920.48 cm—01, 898.23 cm—1,
1632.62 cm—1, 1413.37 cm—1, 420.15 cm—01 corre-
sponds to NH/OH, C-H, C-C, C-O, C-N, CI-C-O showing
various functional groups respectively. Hexagonal ZnONPs
structure was confirmed by the diffraction peaks present in
XRD pattern (Fig. 1c). EDX analysis was used to analyse
the percentage composition of metal in the synthesized
nanoparticles. The synthesized nanoparticle was subjected
to EDX analysis, revealing a zinc composition of 45.9%
and oxygen composition of 54.05% (Fig. 1d). The images
showed by SEM that the synthesized ZnONPs were having
mean size of 37 nm (Fig. le).

Table 7 Effect of different concentrations of ZnONPs on weight and
number of grains of pea plants

ZnONPs Concentration (g/L)  Number of grains Weight
of
grains
(2

Control 207d 20.67d

0.5 263c 22.45¢

1.0 314b 25.34b

5.0 362a 29.09a

Means within a sub-factor represented by the same letter in a column
do not show a significant difference at p <0.05, as per pairwise com-
parison of least square means

*Average + standard error from triplicate samples

Under zinc deficiency conditions in the soil, application
of ZnONPs on pea plants resulted in improvements in veg-
etative parameters. This enhancement is likely due to zinc’s
crucial role in processes such as cell elongation, membrane
function, and protein synthesis. The observed increase in
shoot biomass with ZnONPs application is supported by the
findings of Burman et al. (2013) and Moradi et al. (2022)
with SiO, and TiO, nanoparticles.

The improvement in root growth attributed to ZnONPs
through stomatal openings uptake and subsequent mobi-
lization to reach the roots via apoplast/symplast showed
a negative impact below and above the optimum concen-
tration of 1.0 g/L. This adverse effect on roots aligns with
similar findings reported by Rajput et al. (2021) in spring
barley tissues and Raliya and Tarafdar (2013) in Cyamopsis
tetragonoloba, where the application of ZnONPs controlled
root growth at higher concentrations. The inhibition of root
growth is likely linked to structural alterations on the root
surface.

The crop’s chlorophyll content represents another sig-
nificant vegetative characteristic vital for photosynthe-
sis. A deficiency in micronutrients can inhibit chlorophyll
formation, leading to a reduction in protein synthesis, as
reported by Li et al. (2021). The increase in chlorophyll
content observed in the present study is in accordance
with the reports of Sawati et al. (2022) on Brassica napus,
where varying concentrations of ZnONPs led to a signifi-
cant increase in chlorophyll content. This study highlights
the potential of ZnONPs application to positively influence
chlorophyll levels, addressing micronutrient deficiencies
and promoting crop growth.

The improved yield due to the application of ZnONPs
results from increase in yield-contributing characteristics of
the treated plants. This improvement may be attributed to
enhanced physiological and biochemical activities, ensuring
better crop growth in addition to improved photosynthesis.
These benefits can be linked to zinc’s role as an important
enzyme cofactor. Furthermore, the easy solubility, ultra-
small size, and diffusible nature of ZnONPs enable them to
penetrate the leaf surface, crossing the cuticle and releasing
zinc ions. Additionally, the increased weight of peas indi-
cates an increase in individual pea size, possibly due to an
increased activity of the hormone cytokinin, as reported by
Sosnowski et al. (2023). The results described by Sharma
et al. (2022) and Prasad et al. (2012) further support these
findings, as they observed an increased length of tillers per
plant with ZnONPs application.

The application of ZnONPs resulted in improved zinc
nutrient levels in the shoot, root, and peas, aligning with the
findings of Srivastav et al. (2021) and Hussain et al. (2018),
who observed increased zinc contents in the grain and shoot
of test crops with the application of ZnONPs. Additionally,
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ZnONPs affected the levels of other micronutrients in the
crop plants. This study demonstrated an improvement in
iron (Fe) content following ZnONPs application, suggesting
potential Zn-macronutrient interactions affecting nitrogen
content. However, the application of Zn led to a decrease in
pea phosphorus (P) contents, possibly because of an antago-
nistic association between Zn and P, as observed by Aboyeji
et al. (2020).

Furthermore, the application of ZnONPs significantly
increased soil microbial viable cell counts. These results
align with the findings of Raliya and Tarafdar (2013), Mohd
Yusof et al. (2019) and Saberi and Moradi (2021) for foliar
application of ZnONPs. The dehydrogenase activity of the
soil was also improved, indicating the impact of ZnONPs
application on soil microbes has no negative effect. Soil
enzyme activities increased due to ZnONPs have also been
reported by Srivastav et al. (2021) and Ur Rehman et al.
(2023). The application of ZnO NPs also influenced the
chemical properties of the soil, such as pH, electrical con-
ductivity (EC), and organic carbon (OC). These chemical
parameters of the soil play a crucial role in adsorption-
desorption reactions of Zn, regulating the solubility of Zn
in the soil and its fractionation. Various published data has
reported different reactions of rice to Zn fertilizers, influ-
enced by factors such as the source, application period,
method of application, and soil’s chemical properties (Yuan
etal. 2013).

The macronutrients of the soil, specifically the available
nitrogen (N) content, showed improvement with the appli-
cation of ZnONPs. These findings are in accordance with
the results of Wang et al. (2023), who reported a significant
increase in nitrogen content among various rice varieties
due to the foliar application of zinc compared to the con-
trol. The content of available potassium in the soil remained
unaffected by ZnONPs application; however, Wang et al.
(2023) identified a relationship between Zn application and
the total percentage of potassium in the soil, observing an
impact on the overall percentage of potassium at reaping
time based on various methods of Zn application. Simi-
larly, the micronutrient contents of the soil were affected
by ZnONPs treatment, showing increased soil zinc content
compared to the control (Sattar et al. 2022). Wang et al.
(2023) reported different results in rice cultivars in response
to Zn fertilizers, dependent on factors such as source, appli-
cation time, application method, and chemical properties
of the soil, suggesting their potential role in increasing soil
zinc content.

In conclusion, present study highlights the impact of zinc
oxide nanoparticles on pea plants and soil health. The appli-
cation of ZnONPs under zinc deficiency conditions sig-
nificantly improved vegetative parameters, including shoot
biomass, root growth, and chlorophyll content, contributing

@ Springer

to enhanced crop yield. The study also demonstrated the
positive influence of ZnONPs on zinc and iron content in
plant tissues, while representing the potential antagonistic
relationship with phosphorus. Moreover, ZnONPs posi-
tively affected soil microbial activity, dehydrogenase activ-
ity, and chemical properties, such as pH, EC, and organic
carbon. The findings emphasize the potential of ZnONPs to
address micronutrient deficiencies, promote crop growth,
and enhance soil health, offering a sustainable and con-
trolled approach to zinc applications in agriculture. How-
ever, careful consideration of concentration levels and
potential interactions with other nutrients is essential for
optimizing the benefits of ZnONPs application in crop man-
agement practices.

5 Conclusion

The application of zinc oxide nanoparticles (ZnONPs)
effectively addresses zinc deficiency in soil and enhances
the growth and yield of pea plants. ZnONPs significantly
improve vegetative parameters such as plant height, leaf
area, and biomass accumulation, leading to increased crop
yield. Furthermore, ZnONPs increase the zinc content in
peas and positively influence soil health by boosting micro-
bial counts and dehydrogenase enzyme activity.

This study highlights the dual benefits of ZnONPs: pro-
moting plant growth and improving soil fertility. These
findings suggest that ZnONPs can be a valuable tool for
sustainable agriculture, addressing micronutrient deficien-
cies while enhancing overall soil health.

However, the long-term effects of ZnONP application on
soil health and plant growth need further exploration, partic-
ularly under field conditions. Future research should focus
on the long-term impacts, optimizing application rates, and
minimizing potential environmental risks to maximize the
benefits of ZnONPs in agricultural practices.
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