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A B S T R A C T

Agriculture is a backbone of global economy and most of the population relies on this sector for their livelihood.
Chitosan as a biodegradable material thus can be explored for in various fields in its nano form to replace non-
biodegradable and toxic compounds. The chitosan has appealing properties like biocompatibility, non-toxicity,
biodegradability, and low allergenic, making it useful in several applications including in agriculture sector.
Because of their unique properties, chitosan nanoparticles (ChNPs) are extensively applied as a bioagent in
various biological and biomedical processes, including wastewater treatment, plant growth promoter, fungicidal
agent, wound healing, and scaffold for tissue engineering.

Furthermore, the biocompatibility of chitosan nanoparticles (ChNPs) is reported to have other biological prop-
erties such as anti-cancerous, antifungal, antioxidant activities, even induces an immune response in the plant, and
helps manage biotic and abiotic stresses. Chitosan can also find its application in wastewater treatment, hydrating
agents in cosmetics, the food industry, paper, and the textile industry as adhesive, drug-delivering agent in medical
as well as for bioimaging. Since chitosan has low toxicity, the nano-formulation of chitosan can be used for the
controlled release of fertilizers, pesticides, and plant growth promoters in agriculture fields. The ChNPs applications
in precision farming being a novel approach in recent developments. Here we have comprehensively reviewed the
major points in this review are; the synthesis of ChNPs by biological resources, their modification and formulation
for increasing its applicability, their modified types, and the different agricultural applications of ChNPs.
1. Introduction

After cellulose, chitin is the major natural polymer in the world. The
primary sources exploited are twomarine crustaceans, viz. shrimp, crabs,
lobster, and crawfish (in general 20–30% on a dry basis), and are suffi-
cient to support a commercial chitin/chitosan industry [1]. Chitin, a
cellulose-like polysaccharide, is a linear, poly-β-(1,4)-N-acetyl-D glucos-
amine [2]. Chitin occurs in nature as ordered crystalline microfibrils. It is
found in three polymorphic forms: α chitin, β-chitin, and γ-chitin.
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Chitosan, also known as deacetylated chitin, is a naturally occurring
polycationic polysaccharide derived from partial deacetylation of chitin
(as shown in Figure 1). Estimates of the global annual production of shell
wastes from crab, lobster, shrimp, krill, and clam/oyster, on a dry basis,
are as much as 1.44 million metric tons.

The degree of deacetylation, described by the molar fraction of
deacetylated units or percentage of deacetylation, and the molecular
weight of chitosan, were found to affect these properties. Due to its unique
properties, chitosan is being extensively applied as a bioagent in various
l issue.

ende).

vember 2022
ticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

mailto:sudhirsshende13884@gmail.com
mailto:pingle23@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2022.e11893&domain=pdf
www.sciencedirect.com/science/journal/24058440
http://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2022.e11893
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.heliyon.2022.e11893


P.U. Ingle et al. Heliyon 8 (2022) e11893
biological and biomedical processes like water treatment, wound-healing
materials, as a drug carrier, and scaffold for tissue engineering. The
cationic nature of chitosan is unique. The current world supply of chitinous
wastes could support 50 to 100million pounds [1]. Primary U.S. sources of
crustaceans that are processed into chitin and chitosan are Dungeness crab
(Cancer magister) and the Pacific shrimp (Pandalus borealis) [3]. Formerly,
King crab (Paralithodes camtschaticus) was proposed as a chitin/chitosan
resource; however, it is no longer available in sufficient quantity.

In agriculture sector, chitosan nanoparticles (ChNPs) by themselves
can act as growth enhancers and potent antimicrobial agent against
pathogenic fungi and bacteria [4]. Alternatively, they can also act as a
nanocarriers for existing agrochemicals, hence are referred to as
chitosan-based agronanochemicals [5, 6, 7]. In plant pathogen control
and disease management, chitosan with or without the amalgamation of
macronutrients could act as a substituted sustainable potent biocide
agent against crop pathogens like bacteria, fungi and viruses [8]. Chi-
tosan possesses a sustainable choice to be used as conventional fungicides
against various diseases such as Fusariumwilt and head blight in chickpea
and wheat, leaf blast in rice, stalk rot and leaf spot in maize as well as
blast in finger millet [9]. Foliar application of oligo-chitosan and
oligo-chitosan nano-silica demonstrated that soybean seed yield
increased 10.5 and 17.0% for oligo-chitosan and oligo-chitosan nano--
silica [10]. Systematic analysis of application of ChNPs (1–100 μg/mL)
and chitosan showed adsorption of ChNPs on the surface of wheat seeds
was higher than that of chitosan. Chitosan NPs application (5 μg/mL)
induced the auxin-related gene expression [11]. The appealing properties
of chitosan include biocompatibility, non-toxicity, biodegradability, and
low allergenicity, making the chitosan valuable in several applications.

Chitosan is well known bio-stimulant used for promotion of growth
and manage the stresses including pest and diseases [12]. Nanoparticles
are more efficient with lesser molecular weights, have improved
bioavailability, increased half-life and greater surface area to volume
ratio. Therefore, present review is based on synthesis and characteriza-
tion of ChNPs which holds the potent alternative for chemical pesticides
and as bio-stimulant used in plant disease management. The latest re-
searches on the application of ChNPs clearly indicate its benefit on plant
productivity, plant protection against the attack of pathogens, and
extension of the commercialization. Chitosan is a biodegradable material
thus can be explored for various fields in its nano form to replace
non-biodegradable and toxic compounds.

2. Definition, sources, and synthesis of chitosan nanoparticles
(ChNPs)

Recently, ChNPs has developed a lot of attention for a wide range of
applications in the agricultural, biomedical, and pharmaceutical in-
dustries. Chitosan NPs are synthesized through numerous methods by
“bottom-up” approaches such as polymerization or a reverse micelle
medium or microemulsion methods, and top-down techniques like
milling, high-pressure homogenization, and ultra-sonication are also
applied [13]. Various methods of ChNPs synthesis and their applications
are represented in Figure 2.

The ionotropic gelation technique utilizes the electrostatic interaction
between the amine group of chitosan and a negatively charged group of
Figure 1. Structure of c
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polyanion like tripolyphosphate. Chitosan can be dissolved in acetic acid,
and NPs were formed spontaneously under mechanical stirring at room
temperature. Changing the ratio of chitosan to the stabilizer can be
modified the size and surface charge of particles [14]. Polyelectrolyte
complex (PEC) formed by self-assembly of the cationic charged polymer
and plasmid DNA due to fall in hydrophilicity because of charge
neutralization between cationic polymer and DNA. The ChNPs can be
synthesized spontaneously upon adding DNA into chitosan (in acetic
acid) solution, under continuous stirring at room temperature. Polymer
Grafting is a process of modifying polymer by attaching an active func-
tional group. Examples are thiolation, esterification, and carboxylation,
etc., these processes are used for active or passive targeting [15].

The pH-sensitive carboxymethyl chitosan (CMCS) NPs with fluori-
nated surface modification were prepared for efficient drug delivery. N-
(3-Aminopropyl)-imidazole was pre-grafted onto CMCS to fabricate the
pH-sensitive NPs, and then was surface-modified with perfluorobutyric
anhydride to give the fluorinated NPs. The results suggested that the
CMCS NPs had great potential to be efficient drug carriers for cancer
chemotherapy [16].

2.1. Biologically synthesized chitosan nanoparticles (ChNPs)

Chitosan NPs can be synthesized by biological method with the help
of different biomolecules. Sathiyabama and Parthasarathy [17] prepared
ChNPs by adding anionic proteins isolated from Penicillium oxalicum
culture to chitosan solutions. ChNPs with high antifungal activities are
obtained through biological processes [17].

Anitha et al. [18] worked on nanoformulation of curcumin using
dextran sulfate and chitosan. The result showed the preferential killing of
cancer cells compared to normal cells by the curcumin-loaded NPs. Thus,
the developed curcumin-loaded nanoformulation could be a promising
candidate in cancer therapy. Figure 3 illustrated the graphical repre-
sentation of biological synthesis and formulation of ChNPs.

3. Role of biological chitosan NPs as a plant growth promoter

Modern agriculture has the primary concern regarding the production
of food with good quality and sufficient quantity to meet the demand of
population rise in the world, restraining environmental impacts. Hence,
scientists started to think about nanotechnology in the field of agriculture
[19]. Although various studies reported the use of chitosan in agriculture,
the application of ChNPs has yet to be explored (Table 1). The oppositely
charged polymers and the amine group of chitosan form several com-
plexes that could be beneficial in the agriculture sector [20]. Different
forms of chitosan are applied in the field for plant growth promotion in
detail described in later sections.

3.1. Free chitosan nanoparticles (ChNPs)

Chitosan is a non-hazardous, biocompatible, biodegradable, and
natural biopolymer having a broad application. Chitosan on application
to plant induces photosynthetic rate, stomatal closure, enhance antioxi-
dant enzymes by signaling pathways of nitric oxide and hydrogen
peroxide. It also stimulates the biosynthesis of amino acids, sugars,
hitin and chitosan.



Figure 2. Methods of Chitosan Nanoparticles (ChNPs) synthesis and their applications in different fields.
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organic acids, and other metabolites, an essential component of stress
tolerance and energy metabolism pathways [21].

Many researchers worked on ChNPs as plant growth promoters [20].
Chitosan enters the seeds through the imbibition and, as a result of
seed/chitosan interaction, positively affects the seeds germination index,
reduced germination and flowering time, increased plant growth, and
biomass production [21]. Behboudi et al. [22] experimented with the
effect of ChNPs under drought stress on Triticum aestivum L. seedlings.
The wheat seeds were sown in soil after treatment with ChNPs. The
ChNPs, at a concentration of 90 ppm, augmented relative water content,
leaf area, photosynthesis rate, chlorophyll content, superoxide dismut-
ase, and catalase activities, biomass, and yield compared to the control.
Lastly, their outcome shows that using ChNPs at a concentration of 90
ppm could mitigate the unfavorable effects of drought on the wheat
seedling growth under drought stress [22].
3.2. Conjugated chitosan nanoparticles (ChNPs)

Chitosan composed of randomly distributed β-(1–4)-linked D-
glucosamine and N-acetyl-D-glucosamine (acetylated unit) as a linear
hetero-polysaccharide. Chitosan is one of the few essential poly-
saccharides widely used in agriculture, biotechnology, food, chemical,
medicine, feed, and environmental protection [9, 23, 24]. As a new drug
delivery, conjugated NPs have been widely concerned by researchers in
recent years. It can easily be conjugated with other moieties due to
having an amine group.

In pot experiments, Cu-ChNPs demonstrated the growth-promoting
effect in plant height, stem diameter, chlorophyll content, root length,
and number. The defense response during NPs treatment showed higher
antioxidant and defense enzymes [25].

The oligo-chitosan was prepared through degradation of chitosan so-
lution (4%) having 0.5% H2O2 by gamma Co-60 radiation and the silica
NPs by calcinations of acid-treated rice husk at 700 �C for 2 h. These oligo-
chitosan and oligo-chitosan-silica NPs were employed on soybean seed
yield in the experimental field by foliar application. The exciting results
3

indicated an increased soybean seed yield by 10.5 and 17.0% for oligo-
chitosan and oligo-chitosan silica NPs, respectively, over the control [37].

Somayyeh and Masouleh [38] evaluated the effect of chitosan and
magnetism in lily yearling bulblets to synthesize photosynthetic com-
pounds. Carboxymethyl chitosan (CM) and Magnetic nanocomposite
(MN) were used during the production of the yearling bulblet. The results
indicated that MN highly affected the photosynthetic pigments and the
amount of starch in lily bulbs. The highest amount of CM showed soluble
carbohydrates and amylase [38].

3.3. Polymeric chitosan nanoparticles (ChNPs)

Polymeric ChNPs could be synthesised from synthetic as well as natural
polymers. These NPs could be used due to their simplicity to modify its
surface and stability. Biopolymeric NPs have additional advantages such as
accessibility frommarine (for e.g. chitin and chitosan) or agricultural (such
as starch, cellulose and pectin) resources, biocompatibility, biodegrad-
ability, and non-toxicity. Chitosan NPs are biodegradable polymers hence
these aremainly studied as delivery systems for slow and controlled release
of active ingredients, stabilization of biomolecules such as proteins, ge-
netics materials, and peptides [39, 40]. In another research study, Pereira
et al. [41] developed the two systems of polymeric ChNPs with the algi-
nate/chitosan and chitosan/tripolyphosphate NPs for the delivery of plant
hormone gibberellic acid (GA). These systems showed efficient changes on
both morphological and biochemical parameters, which resulting in
increasing the leaf area and root length, and the chlorophylls level and
carotenoids content in Phaseolus vulgaris (French beans) [41]. There are
several systems have been developed that demonstrated the good potential
by providing excellent stability and effectiveness of this plant hormone like
GA in agriculture applications [42].

3.4. Encapsulated chitosan nanoparticles (ChNPs)

Encapsulation technique is essential for food processing, bioengi-
neering industries, and agriculture fields. For the encapsulation of active



Figure 3. Biological synthesis and formulation of Chitosan Nanoparticles (ChNPs).
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food ingredients, immobilization of enzymes and as carriers of different
molecules used in agriculture and fertilizers, chitosan has been widely
employed in industries. In recent years, metal encapsulated chitosan-
NMs have to pay more attention because of their dual activity as a
plant protection agent and plant growth promoter [24].

The delivery of ChNPs loaded with nitrogen, phosphorus, and po-
tassium (NPK) by foliar application on the wheat seedlings was investi-
gated by Abdel-Aziz et al. [23]. Chitosan-NPK-NPs were quickly applied
onto leaf surfaces and penetrated the stomata by gas uptake, evading
direct interaction with soil systems. The results discovered that the NPs
be taken up and transported via phloem tissue. When treated with nano
chitosan-NPK fertilizer, wheat seedlings provoked a significant increase
in wheat yield variables than respective control seedlings [23]. In
another study, Choudhary et al. [25] synthesized Cu/Zn ChNPs and
tested them against crop pathogenic fungal species like Culvularia lunata.

Furthermore, Cu/Zn ChNPs are involved in inducing enzymes
amylase and protease related to the mobilization of food for seed
germination [25]. To develop an effective nano delivery system, plant
growth regulators may be encapsulated in the chitosan nanocarriers that
slowly release the hormones with higher bioavailability. In another
study, Pereira et al. [41] reported the growth-promoting effect of
chitosan-gibberellic acid NPs in French beans that exhibited a 37% and
82% boosting in root development and leaf area, respectively, as
compared to the free hormone gibberellic acid.

4. Importance of biologically synthesized chitosan NPs over
other nanoparticles

Sathiyabama and Parthasarathy [17] biologically synthesized the
ChNPs and evaluated their antifungal activity against some phytopath-
ogenic fungi for e.g. Alternaria solani, F. oxysporum, and Pyricularia grisea.
Whereas in another work, chitosan and ChNPs had been used to induce
the biotic stress tolerance in tomato (Solanum lycopersicum) plant against
bacteria such as gram positive and gram negative, fungi like Fusarium
solani, and viruses like potato spindle tuber viroid (PSTV), bean/tomato
bushy stunt virus (TBSV), and tobacco/TNV and also to initiate the im-
mune response against them where ChNPs are used, which are sensed by
plant PRR (pattern recognization receptor) which then induces the im-
mune response in the plant [43].
4

Chitosan has an advantage over other NPs as they are very versatile
and biocompatible, have low toxicity, and can be degraded easily, while
other NPs can cause toxicity [44]. Chitosan NPs act as antimicrobial
agents that show antibacterial, antifungal, antiviral, antioxidant activity,
induce an immune response in the plant and helps in managing abiotic
and biotic stresses. Since chitosan has low toxicity, nano-formulation of
chitosan can be applied for the controlled-release of fertilizers, pesticides,
and plant growth promoters in agriculture fields. Chitosan could also be
employed for wastewater treatment, hydrating agents in cosmetics, in the
food industry, in paper and textile industry as adhesive, as a
drug-delivering agent in medical, and bioimaging [9].

The ChNPs and the chitosan-based agronanochemicals applied in
agriculture could be organized by several methods, including emulsion
cross-linking, precipitation, spray drying, ionic gelation, and sieving and
reverse micellar processes [45]. The techniques mentioned are chemical
and physical, which are having some demerits such as sieving method
has been documented to fabricate NPs with irregular shape and size;
however, the emulsion cross-linking process is relatively tedious and
require cross-linking agents like alginate, formaldehyde, and glutaral-
dehyde, that may reason the impediments because of its incongruity with
the active ingredients used as agrochemicals. The resultant particles size
mostly depends upon the droplet size of the emulsion, which consecu-
tively relies on the degree of cross-linking, surfactant type, the molecular
weight of chitosan, and stirring speed [9]. The reverse micellar method is
thermodynamically stable produced the uniformly distributed,
small-sized chitosan nanoparticulate system. But this method needs a
specialized surfactant solution like cetyl trimethyl ammonium bromide
(CTAB), which is somewhat toxic and expensive; also, the process is quite
laborious. Precipitation methods developed the ChNPs with no stability,
irregular shape, and lower mechanical strength. The spray drying pro-
cesses have been broadly employed to fabricate dry granules, pellet, and
powder forms of chitosan. The techniques use the sequential addition of
active ingredients and cross-linking agents to the chitosan solution
dispersed in acetic acid. The precursor solution then underwent an
evaporation method under hot air steam that ultimately forms the
desired NPs.

The physical and chemical synthesis methods have several disad-
vantages, as described earlier, which leads to applying biological re-
sources in the fabrication of ChNPs. The biologically synthesized ChNPs



Table 1. Chitosan Nanoparticles (ChNPs) formulations and their effect on agriculture crops.

Sr. no. Type of Chitosan Nanoparticle formulation applied Type of Application Crop used Effects on crop plants Reference

1 Chitosan NPs Seed treatment Pennisetum glaucum Leads to activation of early defense responses and
elevation in nitric oxide accumulation against
Downy mildew

[20, 26]

2 Chitosan-coated mesoporous silica NPs Fruit surface treatment Citrullus lanatus Improved suppression during the fungal disease and
altered expression of stress-related genes

[27]

3 ChNPs Media enrichment Capsicum annum Increased plant heights, chlorophyll content, leaf
numbers, leaf width as well as length

[28]

4 ChNPs Foliar application Camellia sinensis (L.) O. Kuntze Induced the defense response in a nitric oxide
dependent manner against Blister blight disease

[29, 30]

5 ChNPs þ rhizobacteria (PS2 and PS10) Stem Treatment Zea mays Improved seed germination, plant height, leaf area,
internodes number and chlorophyll content in
maize; enhanced dehydrogenase, alkaline
phosphatase activity and fluorescein diacetate
hydrolysis; increased stress tolerance mechanism

[31]

6 ChNPs Foliar and soil application Hordeum vulgare L. Considerably augmented the leaf area and color, the
number of grains per spike, the grain yield and the
harvest index, reduced effect of drought stress

[21]

7 Chitosan-aloe vera gel coating Post-Harvest Application Mangifera indica L. Coating mango fruit with chitosan will reduce the
rate of rotting

[32]

8 Cu-ChNPs Seed treatment and in vitro antifungal assay Solanum lycopersicum Mill. Significant growth promoting effect on germination
of tomato seed, seedling length, fresh and dry
weight; also in vitro antifungal activity against
Alternaria solani and Fusarium oxysporum

[33]

9 Cu-ChNPs Seed treatment Z. mays Higher percent germination, root and shoot length,
root number, seedling length, fresh and dry weight
and seedling vigor index; encouraged the activities
of enzymes α-amylase and protease and increased
the total protein content in germinating seeds

[34]

10 Cu-ChNPs – Z. mays Defense against Curvularia leaf spot disease by
inducing antioxidant and defense enzymes such as
phenylalanine ammonia-lyses and polyphenol
oxidase

[24, 25]

11 Chitosan–PVA and Cu NPs Seed treatment Solanum lycopersicum Mill Increased tomato growth and chlorophylls ‘a’ and
‘b’, carotenoids, total chlorophylls, and superoxide
dismutase content; activated synthesis of vitamin C
and lycopene

[35]

12 ChNPs Seed treatment Triticum aestivum L. Growth promoter, induces auxin-related gene
expression, hastened indole-3-acetic acid (IAA)
biosynthesis and transport, reduced IAA oxidase
activity

[36]
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have several advantages: stability, regularity in shape and size,
bioavailability, biocompatibility as the biologically active compounds
taken part in the capping and the reducing process, non-toxic, and no
added instrumentation or labor requirement, and so on. Therefore, the
scientific community in recent years focuses on the green or biogenic
synthesis of NPs using biological resources. In agriculture, nano-
formulations are mainly aimed at enhancing the benefits of agrochemi-
cals and chitosan though concurrently diminishing the undesirable
results. Because of the amphiphilic nature, the encapsulation of chitosan
may conquer the deprived solubility of several agrochemicals in water,
provided that unusual use of inert chemicals in conventional agro-
chemicals, thus, tumbling their toxicity level [46]. Besides these, chito-
san has provided excellent protection to the encapsulated agrochemicals
because of their bioadhesive properties that enhance the stability and
bioavailability in the plant. The efficacy of chitosan-based agro-
nanochemicals, compared to conventional agrochemical to embark upon
the actual tribulations faced by the agriculture industry, must be
appraised by checking all the above parameters.

The biologically synthesized chitosan and chitosan-based agro-
nanochemicals could be applied in different functions and play various
roles as slow or controlled discharge formulations, plant growth
enhancement, and biocidal or antimicrobial activity against plant path-
ogens and pests are described in detail in the sections below.

5. Other roles/functions of chitosan nanoparticles (ChNPs) in
agriculture

In the agriculture sector, ChNPs by themselves could act as an anti-
microbial agent against the crop pathogenic microorganisms like fungi
for eg. Pyricularia grisea, Alternaria solani, and Fusarium oxysporum and
bacteria like gram positive and gram negative, and other insect pests like
Figure 4. Roles of chitosan nanopa
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Aphis gossypii, Callosobruchus chinensis, and Callosobruchus maculatus and
as a plant growth promoter [8, 9]. The formulations of ChNPs have the
capability to enhance the plant defense mechanisms by obtaining the
defense enzyme functions upon its application. Xing et al. [47] reported
significant antifungal effect of oleoyl-chitosan nano-formulation against
several pathogens. The comparative antimicrobial activity of ChNPs and
bulk chitosan counterpart on A. solani, P. grisea, and F. oxysporum was
investigated by Sathiyabama and Parthasarathy [48]. Treatment of seeds
followed by foliar application with chitosan induces the resistance of
tomato plants to Phytophtora infestans and A. solani [49]. Chitosan NPs
application at anthesis (1000–5000 ppm, molecular mass 161–810 kDa,
deacetylation degree 75–90%) is effective to control Fusarium head blight
of wheat caused by Fusarium graminearum [50]. The anthracnose disease
of cucumber caused by Colletotrichum spp. was efficiently controlled
through foliar application of 0.05% and 0.1% chitosan [51]. Further the
life cycle of the nano-fertilized wheat plants was shorter than
normal-fertilized wheat plants (130 days compared with 170 days for
yield production) [23]. Chitosan combined with waste silica may allow
farmers to reduce the use of NKP fertilizers to improve corn production in
Indonesia with environmental and economic advantages [52]. Maize
seeds treated with Cu-ChNPs for 4 h (0.04–0.16%, Chitosan 50–190 kDa,
deacetylation degree 80%), followed by spraying of plants every day for
35 days show enhanced plant height, stem diameter, root length and
number, chlorophyll content, ear length and weight/plot, grain yield/-
plot and weight [26]. Besides this, they could also act as nanocarriers for
some accessible agrochemicals that are generally referred to as
chitosan-based agronanochemicals [7, 46]. The nanocarrier system fa-
cilitates the agriculturally active ingredients encapsulated by covalent or
ionic inter or intramolecular bonds or entrapment in a chitosan poly-
meric matrix to develop an adequate formulation nano delivery system
[7]. The recently reported studies on ChNPs have proven the various
rticles (ChNPs) in agriculture.
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efficient ways of applying ChNPs in agriculture crops and fields as shown
in Figure 4.

As these ChNPs have shown their ability as a potent plant growth
promoter [33], antimicrobial activity through various modes against
pathogens of bacterial and fungal origin [53] and also induces an im-
mune response in plants against viruses [43]. They may be employed
directly to the soil as a soil applicant or a foliar applicant to show the
systemic effect on the plant body [54]. The nanoformulations of chitosan
are also applied for post-harvest uses as fruit nanocoatings to improve
shelf life and prevent any damage due to microbes [47, 55]. In the above
Table 1 the different types of ChNPs and their effect on the various crops
has been presented.

5.1. Plant growth enhancement and increased productivity

In recent years, ChNPs and their nanoformulations have been exten-
sively researched as a plant growth enhancer. The positively charged rich
protonated chitosan demonstrates enhanced affinity towards the cell
membranes, ensuing in increased reactivity in the plant system. In
addition, chitosan has a nitrogen content of around 9–10% that serves as
a macronutrient for the plant [45]. Alternatively, chitosan could be in-
tegrated with plant nutrients phosphorus (P), nitrogen (N), magnesium
(Mg), potassium (K), sulfur (S), calcium (Ca), boron (B), iron (Fe), copper
(Cu2þ), manganese (Mn), zinc (Zn) and nickel (Ni). The application of
ChNPs andmicro/macronutrients nanocarrier in plant growth promotion
in wheat, maize, French beans, and Robusta coffee, has been documented
by several researchers [23, 24, 34, 56, 57, 58, 59, 60, 61, 62].

The nanoformulations of chitosan have been extensively applied as an
unconventional method in seed treatment to promote the germination
rate and enhance biomass accumulation. Furthermore, chitosan nano-
formulations have been employed as a growth promoter by improving
the nutrients uptake, chlorophyll content, and photosynthesis rate. For
instance, chitosan oligomer with a high molecular weight and ChNPs of
three variable average diameter sizes by High Resolution Transmission
Electron Microscopy (HRTEM), i.e., small with 420 nm, medium with
750 nm, and 970 nm (large) size, when sprayed on the Robusta coffee
seedlings leaves, demonstrated better nutrient uptake of Ca, K, N, Mg, P,
etc., by ChNPs at all sizes, than that of chitosan oligomer. The nutrient
uptake was affected; with the size was insignificant [56]. Alternatively,
an impact of length of ChNPs could be observed on the content of chlo-
rophyll and photosynthesis rate. The enhancement in the chlorophyll
content and photosynthesis rate have been reported up to 61% and 29%
for small, 81% and 59% for medium and 61% and 72% for large-sized
NPs, respectively, by treating ChNPs. The treatment of ChNPs has also
improved the vegetative growth of the seedlings compared to the chi-
tosan oligomer treated and the untreated control seedlings [56]. In
another study, Zayed et al. [60] demonstrated the abiotic stress (salinity
stress) tolerance by Phaseolus vulgaris seedlings when supplementation of
ChNPs was given to them.

Furthermore, chitosan-polymethacrylic acid-NPK NPs nano-
formulation has been developed and applied for the wheat crop [23]. The
efficacy of the nanoformulation was evaluated with the conventional
bulk NPK fertilizer. The nanoformulation with 500 mg/mL of N, 60
mg/mL of P, and 400 mg/mL of K applied to wheat, evidenced for the
plant height 41.29 cm, main spike weight 0.178 g, crop yield 6.95
g/plant, and harvesting index 26.94. At a similar quantity, the bulk NPK
fertilizer evidenced for the same parameters were found the plant height
38.85 cm, main spike weight 0.136 g, crop yield 6.13 g/plant, and har-
vesting index 21.64, which showed the superior nanoformulation po-
tential as plant growth and crop yield improvers of wheat [23]. The
efficacy of copper sulfate (CuSO4), bulk chitosan, and Cu-ChNPs was
investigated on the growth of maize seedlings by Saharan et al. [34] that
showed the significant impact of the nanoformulations on the develop-
ment of maize seedlings, α-amylase and protease activity, and total
protein content. Depending upon the finding, it was assumed that the
nanoformulations could facilitate penetration into seeds and,
7

consequently, enhance seed metabolism; most probably, bulk chitosan
may extend a film coating on the seed surface, which, therefore, pro-
hibited their entr�ee to water as well as nutrients.

The development of an efficient nano delivery system of hormones
could be possible by encapsulating the plant growth regulators into
chitosan nanocarriers for slow release and with greater bioavailability.
The plant growth regulators are nothing but the plant hormones, like
auxins, cytokinins, gibberellins, ethylene, and abscisic acid, which are
chemicals responsible for plant cell development and growth. Gibberellic
acid-ChNPs demonstrated an increase of root development by 37% and in
leaf area by 82% in French beans than free gibberellic acid [59]. Pereira
et al. [59] highlighted the beneficial effects of the nanoparticulate sys-
tems by reporting the formation of the more lateral roots in the Phaseolus
vulgaris seedlings supplemented with the γ-polyglutamic acid-gibberellic
acid-ChNPs compared to the free hormones. The seeds of chickpea, when
undergone the treatment of thiamine-ChNPs, showed a more significant
germination percentage (90%) compared to the combination of
Thiamine-chitosan (84%) and water control (75%) [62]. The seedlings
treated with a nanoparticulate system demonstrated a 10-fold increase in
auxin levels and more defense enzymes than the untreated control
seedlings.

5.2. Antimicrobial for crop pathogens and pests to manage diseases in
plants

In plant-pathogen control and disease management, chitosan alone or
in combination with macronutrients could substitute effective, sustain-
able biocide agents against crop pathogens like bacteria, fungi, and vi-
ruses. Chitosan alone or in integration with other active agents
demonstrated promising perspective as a sustainable choice to the con-
ventional fungicide application against Fusarium wilt and head blight
disease in chickpea and wheat, blast leaf of rice, stalk rot after flowering
and leaf spot in maize, blast disease of finger millet, and other [9]. The
formulations of ChNPs integrated by polyacrylic acid provide the
tremendous potential to manage the attack of some common pests such
as cotton aphids (Aphis gossypii) and beetles during soybean cultivation
[8]. Many studies have discovered the ChNPs formulation to enhance the
plant defense mechanisms by obtaining the defense enzyme functions.
Additionally, Xing et al. [47] demonstrated the in-vitro antifungal ac-
tivity of oleoyl-chitosan nanoformulation against some crop pathogenic
fungi like Alternaria tenuissima, Botryosphaeria dothidea, Fusarium culmo-
rum, Gibberella zeae, Nigrospora oryzae, and Nigrospora spaerica. From
which A. tenuissima, N. oryzae, N. spaerica, and B. dothidea showed sig-
nificant antifungal effects categorized as chitosan-sensitive fungi, while
G. zeae and F. culmorum could be classified as chitosan-resistance fungi
[47]. Chitosan (CS)-g-poly (acrylic acid) (PAA) NPs was found to be
sensitive to the fungi like Aspergillus flavus (75%), F. oxysporum (30%),
Aspergillus terreus (40%), Fusarium solani (41%), Alternaria tenuis (40%),
and Sclerotium rolfsii (36%) [8]. Furthermore, the in-vitro spore germi-
nation and mycelial growth of Alternaria alternata (90%), Rhizoctonia
solani (60%), and Macrophomina phaseolina (63%) was efficiently
inhibited during Cu-ChNPs treatment [63]. The comparative antimicro-
bial activity of ChNPs and bulk chitosan counterparts on A. solani,
P. grisea, and F. oxysporum was investigated by Sathiyabama and Par-
thasarathy [17]. The ChNPs exhibited a more significant percentage of
mycelia growth inhibition than that of bulk chitosan. It has been
accounted that the smaller size, higher porosity, and more significant
zeta potential of ChNPs make it highly stable, which ultimately affects
the tested fungal pathogens.

The bulk chitosan (BCS), ChNPs, and ChNPs supplemented by etha-
nolic blueberry extract (ChNPs-EBE) showed inhibitory effect on
A. alternata; in this case, the trend was found to be ChNPs-EBE (83.3%),
ChNPs (83.1%) > BCS (6%) only [64]. Their inhibitory effect on Colle-
totrichum gloeosporioides showed the trend as ChNPs-methanol extract
(79.6%) > ChNPs (57%) > BCS (9.4%). In another study, Kheiri et al.
[50] used chitosan with three variable molecular weights (MW), i.e., the
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lowest 161 kDa MW, medium 300 kDa, and highest 810 kDa, the fabri-
cation of the nanoparticulate system. The formed NPs demonstrate lower
zeta potential and a larger mean size with the MW increase and, there-
fore, lowered the in-vitro antifungal activity on Fusarium graminearum.
The ChNPs of lower MW demonstrates 2-fold greater antifungal activity
than NPs of medium and higher MW chitosan. This is because the smaller
size facilitates the easy cell penetration and greater charge makes the
ChNPs of lower MW more stable.

Furthermore, the formation of chitosan-agrochemical NPs, the chi-
tosan nano delivery system was loaded with agrochemicals as the active
agent that offer the proscribed release properties with higher efficiency
and potency, as the active constituent could arrive at the target cell or
parts of the plant more efficiently within a definite time [65]. The
essential parameters considered in the design and development of
chitosan-agrochemicals NPs involves active agent’s loading, encapsula-
tion competence, discharge profile, particle size, and shape. Several
studies reported and considered all these mentioned parameters during
the design and development of these nanoformulations. Ye et al. [66]
developed an herbicide (diuron) nanocarrier system as a photosynthetic
inhibitor using cross-linking 2-nitro benzyl and carboxymethyl chitosan
with the mean HRTEM diameter size of 140 nm to control the weed
growth. A mechanism of photo-controlled release developed these
nanoformulations. In another study, Kumar et al. [67] developed an
intelligent formulation of alginate-chitosan nanocapsules with the size
30–40 nm diameter by HRTEM for the proscribed release of acetamiprid.
In the present system, the proscribed release properties were accom-
plished at three different pHs, where a 50% of release of insecticide was
observed at pH 10 after 24 h, and after 24 h at pH 7 and 4, compared to
merely about 6 h for the conventional insecticide release at all pHs.
Maluin and Hussein [9] reviewed the applications of chitosan-based
agronanochemicals as a sustainable choice for the protection of crops,
in which the authors have discussed the variable chitosan-based agro-
nanochemicals as a controlled release formulation, as a plant growth
enhancer, and as a biocide against the crop pathogens and pests.

5.3. Seed treatment

Seed treatment is a better and advanced approach as compared to soil
amendment. It is a targeted and controlled delivery approach of active
plant ingredients that reduces their overuse and decomposition in soil. A
most recent approach is based upon maintaining the integrity of seed
coat and simultaneously reducing water solubility using biodegradable
hybrid coats of chitosan for seeds [68]. The strategy of chitosan appli-
cation in seed treatment is considered as the primary artificial defense
activation in plants against the different infectious agents. Differential
characteristic features of chitosan at various molecular weights make it
an excellent seed treating agent. The biopolymer with a high molecular
weight of chitosan could be applied as a covering film around the seeds to
protect the infection by pathogens [69]. Chitosan seed coating can also
be used as a deliverance system for different products used in plant
protection, fertilizers, and plant growth-promoting micronutrients [70].
Chitosan is used as a film for seed, which helps deliver fertilizers,
micronutrients, and plant protection products such as essential oils and
others. It helps elicit systemic confrontation in the plants [20].

5.4. Soil application

Although chemical-based fertilizers and pesticides have high and
immediate impacts on crop yield, they also negatively affect the envi-
ronment and consumers. Less than 0.1% of agrochemicals are delivered
to plant systems, and the rest are washed off into the atmosphere [71].
Chitosan NPs are studied for their utilization in agriculture as a soil
applicant to manage various fungal and bacterial diseases, as a nano-
fertilizer, and as an efficient delivery system for agrochemicals. The ag-
rochemicals encapsulation in chitosan nanoformulations can offer a
controlled release system for agrochemicals. This has helped to
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comparatively evaluate the effect of chitosan-based agronanochemicals
and their counterparts on soil microbial populations. There is no signif-
icant effect of ChNPs on the soil enzyme activity and microbial popula-
tion compared to the chemical fertilizers [9, 72]. Maruyama et al. [73]
have shown an improved effect on microbial population after applying
chitosan-alginate-herbicide NPs to soil [54, 73].

5.5. Foliar application

Numerous synthetic chemical fertilizers and pesticides prevent crops
from attacking pests and diseases and provide nutrients such as nitrogen,
phosphates, and minerals to increase agriculture productivity. But the
use of synthetic fertilizers, pesticides cause damage to the quality and
fertility of the soil. Moreover, the applied biomolecules are fully absor-
bed by the plants and the large quantity of these biomolecules' runoff into
water bodies or leach in soil due to rain and irrigation. Nanotechnology
has been demonstrated to help minimize the loss and enhanced the
nutrient uptake by the plant. Due to its small size, this nanoformulation
can reach deep into the soil [74]. These nutrients, growth hormones, and
fertilizers are encapsulated in NPs and spray in the soil. The nano-
formulation acts as a delivering agent and prevents the nutrient from
coming in contact with soil microbes. They slowly release their content in
the soil, which plants effectively take up. Due to its exceptional advan-
tageous property, scientists employ chitosan in the agriculture field [75,
76].

Foliar application of ChNPs is used to increase the growth and pro-
duction in the plant. Chitosan NPs get easily absorbed by leaves, pene-
trate the plant through stomata, travel down into the plant through the
phloem, and provide nutrient to a different part [77]. Van et al. [78]
worked on the biophysical characteristics of ChNPs and the greenhouse
growth study of Robusta coffee. The ChNPs increased the nutrient uptake
of nitrogen by 9.8–27.4%, phosphorous by 17.3–30.4%, and that potas-
sium by 30–45%, and it also impacts coffee seeding growth. Abdel-Aziz
et al. [77] demonstrated the foliar application of ChNPs-NPK fertilizer
to improve wheat yield, developed on the two different soils. The foliar
application increased the output of the wheat plant, and it also reduced
the life cycle of the crop.Whereas in another work where they studied the
foliar application of ChNPs-NPK fertilizer affected the chemical compo-
sition of wheat grains found a change in the composition of wheat grain
with increased element content such as potassium and phosphorous
while a decrease in nitrogen and protein content also accumulation of
carbohydrates [77].

6. Conclusions and future perspectives

It can be concluded from the available literature that the ChNPs could
be a versatile, biodegradable, and biocompatible, low toxicity, and easy
degrading alternative to presently available agrochemicals. In combina-
tion with the other metallic and metal oxide NPs, they show a consid-
erable range of activities. Chitosan NPs can be applied in various fields
based on their properties such as antibacterial, antifungal, antiviral,
antioxidant activity, inducing an immune response in the plant, and helps
in managing biotic, and abiotic stress so they could be implicated in
wastewater treatment, hydrating agents in cosmetics, food industries, the
paper, and textile industries as adhesive, drug-delivering agent in med-
ical, and bioimaging. But the thorough studies on product development
andmethod optimization are required before commercial production and
in vivo use. Various methods are used for the application of ChNPs in
agriculture crops and fields. Chitosan NPs could be applied on crops by
methods like dust and foliar sprays, soil application, and seeds treatment.
Similarly, ChNPs explored in the ever-growing field of agriculture and
sustainable agricultural practices. Chitosan NPs can be a potential sub-
stitute for toxic and non-degradable compounds with biocatalytic activ-
ity. As ChNPs are discovered to have the ability to encapsulate the
various agro-supplements, they could be employed for the controlled
deliberations of fertilizers, pesticides, and plant growth promoters in
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agriculture fields. The research community working in the area of crop
protection and improvement will be the targeted beneficiaries. The
ChNPs will be a cost-effective alternative for the use of toxic chemicals in
the field of agriculture. Hence, green synthesised ChNPs would be a boon
for the agriculture sector.
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