Synthesis and characterization of chitosan
encapsulated zinc oxide nanoparticles and its
application in maize under zinc deficit soil

ABSTRACT

Zinc deficiency is a growing concern among the global population, and it can be attributed to
the depletion of significant portions of agricultural land and the production of foods that are
low in zinc.In the current study, an efficiency-centric method of maize cultivation with zinc
oxide nanoparticles encapsulated in chitosan (Cs-ZnO NPs) is proposed and evaluated.In
order to investigate, NPs were chemically synthesized using process improvement for better
size and shape and characterized using Scanning electron microscope (SEM), Energy-
dispersive X-ray spectroscopy(EDS) and Transmission electron microscope (TEM). The NPs
under characterization showed less than 100 nm diametric globular particles.A field
experiment was conducted in randomized block design with six different treatments to study
the impact of foliar appliedZn at various concentrations (50, 100, and 150 mg L™) through
CS-ZnO NPs on plant growth, SPAD and grain yield in maize plant, with respect to foliar
ZnSO, @0.5 %, chitosan @150 mg L™and the control. The highest grain yield of 52.5 q ha™
in maize was recorded with Zn supplied through Cs-ZnO NPs at 100 mg L™ , compare to
other treatments. Similarly significant improvements in plant height and chlorophyll content
were noted at 100 mg L'Zn through Cs-ZnO NPs. These results indicates that Cs-ZnO NPs
can improve grain yield and plant growth performance of maize in a sustainable and
efficiency centric manner.
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1. INTRODUCTION

Nanotechnology is an exciting new technology that has the potential to completely change
farming and food production in a way that will last. The controlled delivery of essential
nutrients, pesticides, and fertilizers is one area where nanoparticles may find utility in
agricultural systems [1,2]. Rapid absorption by plants is possible with nano-based fertilizers
because of their active metabolic and water/mineral conduction. The negative impacts of
chemical fertilizers are reduced by using nano-fertilizers, which also enhance soil health and
nutrient delivery[3,4]. However, the composition of nanoparticles (NPs) has a considerable
impact on their applicability. About 40% of the nutrients in traditional fertilizers are absorbed
by plants, whereas the rest is leached away, creating an imbalance in soil nutrients[5,6]. To
combat these problems, scientists are focusing on creating new nano fertilizers with
enhanced nutrient use efficiency. This might lead to higher crop yields through enhanced
photosynthesis, reduced water usage, delayed senescence, and increased tolerance to both
biotic and abiotic challenges.

Zinc (Zn), is a key micronutrient that regulates a multitude of physiological and molecular
processes that are fundamental to crop resistance to environmental stress[7]. In addition to




being an important transitional metal, zinc is found in all six classes of enzymes and serves
as a component of several transcription factors. In plants, zinc affects several life cycle
processes. It regulates several processes, including nucleic acids [8], saccharides, and lipids
and plays an important role in carbohydrate and protein synthesis. Researchers have shown
that zinc plays a significant role in plant growth, development, and yield. It assists plants in
overcoming biotic and abiotic stresses by participating in many physiological processes,
including resistance to pathogens, drought, or heat[9]. Despite the presence of adequate
guantities of zinc in the majority of soils, its absorption may be hindered by various chemical
and physicochemical factors within the soil[10-12]. Zinc, on the other hand, is the most
commonly deficient trace element in agriculture, and a deficit can result in a 40% loss in crop
productivity[13,14]. Zinc deficits are common in alkaline soils, light sandy soils, and soils with
relatively high levels of accessible phosphorus. In comparison to other micronutrients, maize
(Zea mays L.) has a notably high zinc requirement. The ideal zinc concentrations in maize
tissue fall within the range of 20 to 60 mg/kg. Foliar zinc spray can be utilized as a
supplement to maize nutrition, particularly in conditions where soil qualities may restrict Zn
bioavailability to plants[7,10].

Maize is considered the "Queen of Cereals" due to its extensible application and
adaptability. It is the most widely cultivated grain in the world, belonging to the Poaceae
family, and is the main source of nourishment in many developing countries. In recent
years, maize has garnered scholarly interest due to its status as the most vital food source
for food security and its status as an unrivaled food source for millions of humans and
animals worldwide[15,16]. Maize is currently experiencing a decline in nutritional value and
production potential due to a number of factors, including micronutrient deficiencies; maize is
particularly vulnerable to zinc deficiency[17].

Nevertheless, elevated levels of zinc have been noted to be toxic to plants; thus, it is
imperative to examine both the threshold level and the potential benefits that zinc oxide
nanoparticles may offer in comparison to the diverse types of zinc fertilizers presently
employed. The purpose of this study was to investigate the potential of chitosan
encapsulated ZnONPs as a novel nanofertilizer that may increase crop health and yield by
enriching maize with the right amount of zinc. The experiment aimed to determine the
relationship between a certain concentration of nanoparticles (NPs) and the alterations in the
plant's morphological and physiological characteristics compared to the control.

2. MATERIAL AND METHODS

2.1 Synthesis of Nanoparticles

The chitosan encapsulated nanoparticles were synthesized using the method outlined by
[18] with little modifications. To synthesize 1 gm of chitosan was dissolved in 1 percent
acetic acid and stirred for 30 minutes till complete dissolution of chitosan powder occurs.
Further, 1 gm of Zinc oxidewere added to the mixture and the stirring was continued for
another 2 hours at 60 °C. Then 2M NaOH was added to attain a pH of 10 and the mixture
precipitates. Following this, the mixture was again agitated for another 6 hour and then it
was centrifuged at 10,000 rpm to separate chitosan encapsulated zinc oxide nanoparticles
which further washed with double distilled water and final wash with ethanol. Finally, these
nanoparticles were dried in oven at 100 °C for 48 hours and kept in an airtight vessel for
further characterization and field application.

2.2 Characterization of Nanoparticles

The nanopatrticles characterization was done at Indian institute of technology, Kharagpur
and IARI, New Delhi. Synthesized nanoparticles were characterized for their surface
morphology and size using advanced FE-scanning electron microscopy (Carl ZEISS SMT,
Germany). The elemental composition of nanoparticles was assessed using energy-



dispersive X-ray spectroscopy (INCA PentaFET x3, Oxford Instrument UK). Transmission
Electron Microscopy (TEM) was also employed to determine the size of synthesized
nanoparticles using (JEOL TEM model JEM-110, Tokyo, Japan).

2.3 Experimental Details

A field experiment was conducted in July 2022 at N.E Borlaug crop research centre, G.B
Pant university of agriculture and technology, Pantnagar, Uttarakhand, India. A total of six
treatment were laid in randomized block design. Recommended dose of N:P: K at the rate of
120:60:40 was applied in all the treatments equally at the time of sowing. Nanoparticles were
applied foliarly using the hand sprayer (Capacity 2 L). Treatment details for nanoparticles are
present in table 1.

Table 1. Treatment details

Treatments Treatment Details

T1 Zinc Sulphate 0.5%

T2 Cs-ZnO NPs 50 mg L™
T3 Cs-ZnO NPs100 mg L™
T4 Cs-ZnO NPs150 mg L™
T5 Bulk Chitosan 150 mg L™
T6 Control

*Cs-ZnO-Chitosan Encapsulated Zinc oxide nanoparticles
2.4 Observation recorded

The SPAD (model-at LEAF CHL STD meter) chlorophyll meter was used to record the SPAD
reading (Chlorophyll index) at 30 DAS and 60 DAS. A fully matured young leaves were
selected to record the reading. The plant height of the maize plants was taken using the
wooden measuring scale at 30 DAS, 60 DAS and harvest. The Grain yield was taken in
quintals per hectare (q ha™) after threshing and drying of grains at optimum moisture level.

2.5 Statistical analysis

The data were collected from the experiment, while the investigation was processed with
Windows Excel, and statistical analysis was carried out with software SPSS v23.0. ANOVA
was used to examine the significance of differences between treatments at 5% significance
level.

3. RESULTS AND DISCUSSION
3.1 Characterization of Nanoparticles
3.1.1 Morphological Analysis

Surface characterization was done using the scanning electron microscope. The result of the
SEM is illustrated in Fig 1. The investigation using electron microscopy confirmed that the
chitosan encapsulated zinc oxide nanoparticles possesses the spherical morphology Fig
1(b,c). The existence of a white matrix encircling ZnONPs provides conclusive evidence for
the presence of chitosan biopolymer and the development of nanocomposites. Similar
findings have been documented by [18,19].



Fig 1. SEM images a) ZnO; b and c) Chitosan encapsulated Zinc Oxide nanoparticles

3.1.2 Elemental Composition

Energy dispersive X-ray spectroscopy (EDS) was employed to ascertain the existence of
elements within the CS-ZnO nanoparticles. Fig. 2 illustrates the imaged distribution of
different elements within the synthesizednanoparticle. The EDS spectrum (Fig. 2)
demonstrates that the synthesizednanoparticlescontain, carbon, zinc, oxygen and nitrogen
components. The formation of ZnO particles is confirmed by the detection of Zn and O, and
the presence of CS in the CS-ZnO nanoparticles is supported by the detection of other
elements N. One possible explanation for the presence of nitrogen in the synthesized CS-
ZnO nanoparticles is that the amine groups (-NH2) of chitosan excited the x-rays. Similar
results were recorded by[20], who observed that the Cs-ZnO nanoparticle contained
nitrogen.
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Fig 2: EDS Spectrum of Chitosan encapsulated zinc oxide nanoparticle
3.1.3 Size Distribution of nanoparticles

The transmission electron microscopy (TEM) micrograph of the synthesized Cs-ZnO
nanoparticles revealed a uniform spherical nanostructure with an average diameter of less
than 100 nm (Fig. 3). The existence of spherical fragments in the Cs-ZnO nanoparticles
confirms the presence of Chitosan. Similarly, [21,22] documented that the electron
microscopy of CS-ZnO NPs revealed agglomerated grains arranged in the shape of rods.

A

‘ JI:Mwi|C10 ey 10&1?909.05‘2319;20 n;‘;?gur S.af:?gle ——200 nm— . .
Fig 3: TEM image of Chitosan encapsulated zinc oxide nanoparticle

3.2 Crop Studies
3.2.1 Grain Yield

Application of Zinc substantially increased the grain yield in all the treatment irrespective of
sources (Fig 4). The significantly higher grain yield of 52.53 g ha™ was recorded with 100 mg
L* Zn supplied through Cs-ZnO nanoparticles which was statistically at par with treatment of
Cs-ZnO @50 mgL'1 and Cs-ZnO @150 mgL'l. The yield increment was 23.4 % higher in Cs-
ZnO0 @100 mgL'l as compared to control and 15 % more than the conventional Zinc
Sulphate @0.5%. This might be due to Cs-ZnO nanoparticles enhanced crop yields by



improving yield-attributing characteristics in the treated plants. Apart from promoting
photosynthesis, the yield increase is due to improvements in physiological and biochemical
processes. This improvement may be attributed to Zinc's role as a cofactor for various
crucial enzymes. Additionally, ZnONPs have the ability to penetrate leaf surfaces and
release Zn ions through their cuticles due to their nano-sized dimensions, diffusible nature,
and higher solubility[23,24].
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Fig 4: Effect of different Zinc treatments on grain yield in q ha™

3.2.3 Plant Height

The plant height of maize plants was taken at different crop growth period Viz. 30 DAS, 60
DAS and at Harvest (Fig 5). At 30 DAS there were no significance difference observed
between within different treatments which were due to the reason that foliar application was
done at this stage i.e at 30 DAS. However, at 60 DAS the significant difference can be seen
between the treatments. The higher plant height was recorded, 244.4 cm in Cs-ZnO @100
mgL'1 over the conventional ZnSO, @0.5% and control. Similar trend was seen at harvest
where the Cs-ZnO @100 mgL"l recorded the significantly higher plant height (17%) over
conventional ZnS0O,4. An increasing trend in plant height was observed when the plant was
supplied with zinc. Application ZnONPs to the leaves leads to an increase in shoot biomass
which might be because zinc is involved in membrane function, cell elongation and protein
synthesis [25,26]. Enhancements in vegetative parameters were observed in maize plants
cultivated in soil deficient in zinc, following foliar application. Foliar applications of
micronutrients are known to be more effective than soil applications for crop plants because
the nutrients are able to reach the cells and contribute to plant growth more effectively.In
groundnut, foliar zinc oxide nanoparticles were found to be more effective than soil
application for improving plant growth and development [26].
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Fig 5: Effect of different Zinc treatments on plant height in cm.

3.2.4 SPAD

The SPAD (chlorophyll index) is a quick and non-destructive way to detect
chlorophyll levels in plants and determine their nutritional status.The result of the
study showed no significant difference at 30 das, this is because of the reasonthat
the foliar treatmentof Zn was given at 30 DAS (Fig 6). However, at 60 DAS a
significant difference in the chlorophyll index were observed in comparison to control
between the treatments. The highest value 51.2 (13 % higher) were observed in Cs-
ZnO @100 mg L™ inwith respect to control i.e. 45.2. A positive correlation is
anticipated between a higher SPAD value and enhanced dry matter production in
plants. Additionally, the presence of micronutrients, such as zinc, in the
meristematic area can promote chlorophyll biosynthesis by being involved in
photosynthesis pigments[27].Zinc foliar application, on the other hand, maintains
leaf erectness, which improves light interception properties, decreases transpiration
rate, and maintain nutrient imbalances; furthermore, zinc improves chloroplast
structure, which increases chlorophyll concentration[28].
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Fig 6: Effect of different Zinc treatments on SPAD reading.



4. CONCLUSION

Based on the findings, it can be concluded that chitosan-encapsulated zinc oxide
nanoparticles exhibited distinct morphological characteristics, emphasizing their 'nano
dimension' and suitability for use as a nano fertilization material. Foliar application of Cs-ZnO
NPs proved to be effective in increasing the grain yield and plant growth. Maximum grain
yield, plant height, and SPAD (Chlorophyll index) were recorded when foliar spray of
nanoparticles was applied at 100 mg L™* Zn through Cs-ZnO NPs. The positive effect of
nanoparticles on crop can be attributed to improved chlorophyll content, increased enzyme
activity, and stress resistance. Similarly, smaller particle size, higher surface area, and
surface charge density make Cs-ZnO NPs more reactive and enhance their uptake ability
through the leaf surface. It is evident that ZnO nanoparticles, particularly when combined
with chitosan, can be used as a transformational agronomic management tool and yield
improvement agent for maize due to the synergistic effects of chitosan and ZnO
nanoparticles that pave the way for sustainable and efficiency-driven crop production.

Reference to ajournal:

[1] V. Ghormade, M. V Deshpande, K.M. Paknikar, Perspectives for nano-biotechnology
enabled protection and nutrition of plants, Biotechnol Adv 29 (2011) 792—-803.

[2] A. Saraswat, S. Sharma, N. Khardia, V.D. Rajput, Nanobiofortification: An Emerging
Approach, in: V.D. Rajput, H. EI-Ramady, S.K. Upadhyay, T. Minkina, B. Ahmed, S.
Mandzhieva (Eds.), Nano-Biofortification for Human and Environmental Health,
Springer International Publishing, Cham, 2023: pp. 15-28.
https://doi.org/10.1007/978-3-031-35147-1_2.

[3] K. V. Patel, M. Nath, M.D. Bhatt, A.K. Dobriyal, D. Bhatt, Nanofomulation of zinc
oxide and chitosan zinc sustain oxidative stress and alter secondary metabolite
profile in tobacco, 3 Biotech 10 (2020). https://doi.org/10.1007/s13205-020-02469-x.

[4] R. Kumar, M. Qureshi, D.K. Vishwakarma, N. Al-Ansari, A. Kuriqi, A. Elbeltagi, A.
Saraswat, A review on emerging water contaminants and the application of
sustainable removal technologies, Case Studies in Chemical and Environmental
Engineering 6 (2022) 100219.

[5] S.K. Singh, D.K. Vishwakarma, S.A. Abed, N. Al-Ansari, P.S. Kashyap, A. Kumar, P.
Kumar, R. Kumar, R. Jat, A. Saraswat, A. Kurigi, A. Elbeltagi, S. Heddam, S. Kim,
Soil erosion control from trash residues at varying land slopes under simulated
rainfall conditions, Mathematical Biosciences and Engineering 20 (2023) 11403—
11428. https://doi.org/10.3934/mbe.2023506.

[6] A. Saraswat, T. Nath, M.E. Omeka, C.O. Unigwe, |.E. Anyanwu, S.l. Ugar, A. Latare,
M.B. Raza, B. Behera, P.P. Adhikary, A. Scopa, M.A.E. AbdelRahman, Irrigation
suitability and health risk assessment of groundwater resources in the Firozabad
industrial area of north-central India: An integrated indexical, statistical, and
geospatial approach, Front Environ Sci 11 (2023).
https://www.frontiersin.org/articles/10.3389/fenvs.2023.1116220.

[7] B. Sadeghzadeh, A review of zinc nutrition and plant breeding, J Soil Sci Plant Nutr
13 (2013) 905-927.



(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

K. Singh, S. Sharma, A. Saraswat, Assessment of Soil Fertility Status of Different
Villages of Depalpur Block of Indore District, Madhya Pradesh, India, Environment
and Ecology 41 (2023) 191-196.

S. Sharma, Y. V Singh, A. Saraswat, R. Meena, N. Khardia, Soil Quality Assessment
of Different Villages of Sanganer Block in Jaipur District of Rajasthan (India),
Environment and Ecology 39 (2021) 1106-1113.

B.J. Alloway, Soil factors associated with zinc deficiency in crops and humans,
Environ Geochem Health 31 (2009) 537-548.

A. Saraswat, S. Ram, M.A.E. AbdelRahman, M.B. Raza, D. Golui, H. HC, P. Lawate,
S. Sharma, A.K. Dash, A. Scopa, M.M. Rahman, Combining Fuzzy, Multicriteria and
Mapping Techniques to Assess Soil Fertility for Agricultural Development: A Case
Study of Firozabad District, Uttar Pradesh, India, Land (Basel) 12 (2023) 860.
https://doi.org/10.3390/land12040860.

S. Sharma, Y. V Singh, A. Saraswat, V. Prajapat, S.R. Kashiwar, Groundwater
Quality Assessment of Different Villages of Sanganer Block in Jaipur District of
Rajasthan, Journal of Soil Salinity and Water Quality 13 (2021) 248—-254.

C. Noulas, M. Tziouvalekas, T. Karyotis, Zinc in soils, water and food crops, Journal
of Trace Elements in Medicine and Biology 49 (2018) 252—260.

K. Mrunalini, B. Behera, P. Chandana, G.P. Patnaik, R.U. Modi, A. Saraswat, N.
Rathi, N. Kumar, Legumes to reduce ecological footprints for climate-smart cropping
systems, in: Advances in Legumes for Sustainable Intensification, Elsevier, 2022: pp.
403-420.

M. Azam, H.N. Bhatti, A. Khan, L. Zafar, M. Igbal, Zinc oxide nano-fertilizer
application (foliar and soil) effect on the growth, photosynthetic pigments and
antioxidant system of maize cultivar, Biocatal Agric Biotechnol 42 (2022) 102343.
https://doi.org/https://doi.org/10.1016/j.bcab.2022.102343.

A. Saraswat, S. Ram, M.B. Raza, S. Islam, S. Sharma, M.E. Omeka, B. Behera, R.K.
Jena, A. Rashid, D. Golui, Potentially toxic metals contamination, health risk, and
source apportionment in the agricultural soils around industrial areas, Firozabad,
Uttar Pradesh, India: a multivariate statistical approach, Environ Monit Assess 195
(2023) 863. https://doi.org/10.1007/s10661-023-11476-3.

S. Ayyar, S. Appavoo, Effect of graded levels of Zn and microbial inoculation on NPK
availability and their uptake for maize in black soil, Madras Agricultural Journal 103
(2016) 1.

G. Asgari-Targhi, A. Iranbakhsh, Z. OraghiArdebili, A. Hatami Tooski, Synthesis and
characterization of chitosan encapsulated zinc oxide (ZnO) nanocomposite and its
biological assessment in pepper (Capsicum annuum) as an elicitor for in vitro tissue
culture applications, Int J Biol Macromol 189 (2021) 170-182.
https://doi.org/10.1016/j.ijbiomac.2021.08.117.

S. Preethi, K. Abarna, M. Nithyasri, P. Kishore, K. Deepika, R. Ranjithkumar, V.
Bhuvaneshwari, D. Bharathi, Synthesis and characterization of chitosan/zinc oxide
nanocomposite for antibacterial activity onto cotton fabrics and dye degradation
applications, Int J Biol Macromol 164 (2020) 2779-2787.
https://doi.org/10.1016/j.ijbiomac.2020.08.047.

D. Bharathi, R. Ranjithkumar, B. Chandarshekar, V. Bhuvaneshwari, Preparation of
chitosan coated zinc oxide nanocomposite for enhanced antibacterial and
photocatalytic activity: as a bionanocomposite, Int J Biol Macromol 129 (2019) 989—
996.

P. Deshpande, A. Dapkekar, M.D. Oak, K.M. Paknikar, J.M. Rajwade, Zinc
complexed chitosan/TPP nanoparticles: A promising micronutrient nanocarrier suited
for foliar application, CarbohydrPolym 165 (2017) 394—401.
https://doi.org/10.1016/j.carbpol.2017.02.061.



[22]

(23]

[24]
[25]

[26]

[27]

(28]

I. Munnawar, S.S. Igbal, M.N. Anwar, M. Batool, S. Tariq, N. Faitma, A.L. Khan, A.U.
Khan, U. Nazar, T. Jamil, N.M. Ahmad, Synergistic effect of Chitosan-Zinc Oxide
Hybrid Nanoparticles on antibiofouling and water disinfection of mixed matrix
polyethersulfone nanocomposite membranes, CarbohydrPolym 175 (2017) 661-670.
https://doi.org/10.1016/j.carbpol.2017.08.036.

R. Bala, A. Kalia, S.S. Dhaliwal, Evaluation of Efficacy of ZnO Nanoparticles as
Remedial Zinc Nanofertilizer for Rice, J Soil Sci Plant Nutr 19 (2019) 379-389.
https://doi.org/10.1007/s42729-019-00040-z.

V. Ghormade, M. V Deshpande, K.M. Paknikar, Perspectives for nano-biotechnology
enabled protection and nutrition of plants, Biotechnol Adv 29 (2011) 792-803.

U. Burman, M. Saini, P.- Kumar, Effect of zinc oxide nanoparticles on growth and
antioxidant system of chickpea seedlings, Toxicol Environ Chem 95 (2013) 605—-612.
T. Prasad, P. Sudhakar, Y. Sreenivasulu, P. Latha, V. Munaswamy, K.R. Reddy, T.S.
Sreeprasad, P.R. Sajanlal, T. Pradeep, Effect of nanoscale zinc oxide particles on
the germination, growth and yield of peanut, J Plant Nutr 35 (2012) 905-927.

A. Palacio-Marquez, C.A. Ramirez-Estrada, N.J. Gutiérrez-Ruelas, E. Sanchez,
D.L.O.- Barrios, C. Chavez-Mendoza, J.P. Sida-Arreola, Efficiency of foliar
application of zinc oxide nanoparticles versus zinc nitrate complexed with chitosan on
nitrogen assimilation, photosynthetic activity, and production of green beans
(Phaseolus vulgaris L.), Sci Hortic 288 (2021) 110297.
https://doi.org/https://doi.org/10.1016/j.scienta.2021.110297.

S. Asadpour, H. Madani, G.N. Mohammadi, I.M. Heravan, H.H.S. Abad, Improving
maize yield with advancing planting time and nano-silicon foliar spray alone or
combined with zinc, Silicon (2022) 1-9.



