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Chitosan has emerged as a biodegradable, nontoxic polymer with multiple beneficial applications in the agricultural and
biomedical sectors. As nanotechnology has evolved as a promising field, researchers have incorporated chitosan-based
nanomaterials in a variety of products to enhance their efficacy and biocompatibility. Moreover, due to its inherent
antimicrobial and chelating properties, and the availability of modifiable functional groups, chitosan nanoparticles were
also directly used in a variety of applications. In this section, the use of chitosan-based nanomaterials in agricultural and
biomedical fields related to the management of abiotic stress in plants, water availability for crops, controlling foodborne
pathogens, and cancer photothermal therapy is discussed. Overall, chitosan-based nanomaterials show promising
characteristics for sustainable agricultural practices and effective healthcare in an eco-friendly manner.
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| 1. Introduction

In the realm of climate change, increasing population, and the decrease in the land that can be cultivated, agriculture and
health systems are facing numerous challenges. Nanotechnology can play an essential role in addressing these issues by
promoting enhanced crop production, optimum usage of the land, and the creation of advanced drugs. The small size of
the nanomaterials is advantageous in crossing the biological barriers and carrying the required molecules into various
locations in animals and plants. However, the nanoparticle size and concentration should be optimized based on the
intended application to minimize toxic side effects. When properly used, nanoparticles engineered from chitosan and its
derivatives can be indispensable in addressing issues related to feeding the increasing population and improving
healthcare.

Chitosan is a linear copolymer with D—glucosamine and N-acetyl-D—glucosamine units joined via B—(1-4) glycosidic
bonds (Figure 1) and has been extensively used for the production of nanoparticles by researchers, as reviewed in this

article. Chitosan has been popular due to its antimicrobial, antioxidant, and chelating properties, together with its nontoxic
and biocompatible nature . As a cationic polymer, chitosan inherently possesses bio-adhesion, cellular transfection, anti-
inflammatory, and anti-hypercholesterolemic characteristics, which can be enhanced by combining with other materials,
making it an attractive candidate for biomedical and agricultural applications [&. Chitosan is also an excellent carrier for
nanoparticles due to its ability to penetrate across cellular barriers and to flow through narrow intercellular junctions in
epithelial cells Bl. The availahility of hydroxyl and amino groups on chitosan provides an excellent platform for
complexation with other molecules/compounds and helps to transform them into more stable complexes with better
pharmacokinetic properties [El. Additionally, due to the availability of functional groups, chitosan can be modified in
different ways to obtain substituted, crosslinked, carboxylated, ionic and bounded derivatives to match the various
research needs [@. The different methods utilized in synthesizing chitosan-based nanoparticles, such as emulsion
crosslinking, emulsion-droplet coalescence, ionotropic gelation, reverse micellisation, and precipitation, have been
described in detail in the literature (431,
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Figure 1. Process of chitosan production starting with different sources. The figure was created using ACD/ChemSketch
and Adobe lllustrator 2020.

Chitosan is obtained from a variety of sources by deacetylation of chitin and contains more than 7% nitrogen and less
than 40% degree of acetylation (8. Although the primary commercial production source for chitosan is crustacean shells,
their seasonal availability and the use of harsh chemicals in the production, and the generation of large amounts of
alkaline waste had led to environmental issues as well as product quality variability [&. Furthermore, the use of crustacean
sources can limit the application of the polymer, specifically in the biomedical field, due to the associated shellfish
allergies. Hence, researchers have looked into different sources for the production of chitosan. Shanmuganathan et al.
have extensively reviewed a variety of sources for the extraction of chitosan, including various species of microorganisms,
insects, and other aquatic animals [@. Additionally, chitinous cell wall material was isolated from yeast species
Rhodosporidium paludigenum and Saccharomyces cerevisiae . Fungal mycelium of Allomyces arbuscula, Mucor
genevensis, Tranetes versicolor, and the fruiting body of Agaricus bisporus were also utilized as more cost-effective and
renewable sources for chitin compared to crustacean shells [, A pest attacking agricultural crop in Mexico and Central
America, Schistocerca piceifrons piceifrons (Orthoptera: Acrididae) has also been used for the successful extraction of
chitin and chitosan at 11.88% and 9.11% vyield, respectively R9. These sources undergo demineralization,
deproteinization, and decolorization to produce chitin, and it is converted to chitosan via different chemical and enzymatic
deacetylation methods as described by Shanmuganathan et al. (Eigure 1).

| 2. Applications in Agriculture

Chitosan-based nanoparticles (CNPs) have been used in agriculture as pesticides, herbicides, insecticides, and to obtain
better quality food products with a higher yield, and many of these applications of chitosan have been extensively
reviewed in the literature 111, Nano-chitosan based materials or chitosan combined with other nanoparticles were applied
to preserve fresh fruits such as strawberries 12 Jujube 13, Joquat 24, and longan 22 during storage. Additionally,
chitosan can serve as an encapsulating agent by itself and in combination with other materials in the production of slow-

release fertilizers, owing to its cationic nature, biodegradability, non-toxicity, and adsorption properties [2I18],

However, the usage of chitosan-based nanomaterials in water purification for agricultural uses and managing abiotic
stress in plants are areas that had gained limited attention from the scientific community. Due to drought and rapid
development of industry in some regions, people have to look for alternative water resources, such as seawater and non-
conventional water, for agricultural irrigation. Non-conventional water can be wastewater emitted from domestic,
municipal, and industrial sewer, and saline water from salt lakes and shale oil and gas industry. Microstructures,
nanoparticles, and nanocomposites of chitosan have widely been used as an absorbent to remove various inorganic and
organic pollutants as rich hydroxyl and amino groups are present in the crosslinked structure of chitosan 78]
Additionally, nanochitosan has been shown to be effective in combating salinity stressi*2! and drought stress in plants 29,
During previous research, chitosan in bulk form was shown to alleviate the effects of salt stress for wheat 21, chickpea
(221 |entils 28], and ajowan seeds [24. Nanochitosan could possibly have a more significant effect on these crops due to its
high surface to volume ratio resulting in higher penetrability and the ability to form more interactions. Also, Rabelo et al.
(2019) reported that the foliar application of bulk chitosan derivatives, N-succinyl chitosan and N,O-dicarboxymethylated
chitosan, had increased the tolerance of water stress in a hybrid maize species that is sensitive to drought stress [25.
These chitosan derivatives were shown to induce the antioxidant defense system, increase the production of phenolic
compounds, osmoregulators, and crop yield, and promote gas exchange in leaves 23, Hence, it is possible that
nanochitosan derivatives also will have a positive effect on the growth of these plants under drought stress. Low and high-



temperature stress and metal contaminated soil are two other common factors affecting Agricultural land use. Although
recent research on the use of nanochitosan to alleviate the stress caused by heat and heavy metals are scarce, there are
reports on the use of bulk chitosan [28l271[28] Hence, the use of hanochitosan to overcome both high and low-temperature
stress and to relieve metal toxicity in the soil are fields that can be evaluated in future research.

| 3. Biomedical Applications of Nanochitosan

Chitosan is preferably used in the biomedical field due to its favorable properties such as biocompatibility, cationic nature,
and availability of modifiable functional groups. Some of the popular applications of chitosan nanomaterials include the
preparation of bio-sensors, wound healing and wound dressing, gene delivery, and bone tissue engineering [221[30[21](32]
(331 Additionally, chitosan conjugated folic acid was used for the synthesis of ZnS quantum dots, which are formulated into
nanocarriers with the potential for suicide gene therapy B4, and chitosan-ZnS-FA nanoparticles were synthesized as a
potential anticancer therapeutic agent 23,

Although the use of chitosan as an antimicrobial is extensively reviewed, more focused analysis on chitosan nanoparticles
towards foodborne pathogens (FBPs) is scarce. According to CDC estimates, every year in the United States, around 48
million cases of foodborne illnesses can occur together with 128,000 hospitalizations and 3000 deaths [2€l. Additionally, as
estimated by WHO, foodborne pathogens can cause 600 million cases of foodborne illnesses and 420,000 deaths in the
globe every year, where 30% of the deaths are accounted for the children under five years of age BZ. Given these facts,
in recent years, there has been an increased interest among researchers to discover novel antimicrobial agents against
foodborne pathogens. Chitosan-based nanoparticles have been widely ued to control FBPs, with and without combining
with other materials. The analysis of the antimicrobial activity of low and high molecular weight chitosan nanoparticles
(CSNPs) formulated using sodium sulfate or tripolyphosphate cross-linkers with or without sonication at different energy
levels have shown to be effective against Escherichia coli 015:H7 [28l. CSNPs synthesized by ionic gelation to be used as
an edible coating on grapes was reported to inhibit certain FBPs 2. A vegetable wash prepared with CSNPs mixed with
1% citric acid has resulted in an increased reduction of the bacteria load on lettuce under simulated conditions compared
to commercial formulations 2%, Mohammadi et al. (2016) reported that CSNPs showed significantly higher antimicrobial
effect against E. coli compared to microparticles, and they have tested with different molecular weight chitosan
formulations 4. Additionally, CSNPs, combined with plant essential oils (424344 and other naturally occurring
antimicrobials such as propolis and nisin were reported in the literature “3l46l Buylk chitosan-based materials with and
without plant extracts were shown to have an antiviral effect against foodborne viruses (Murine Norovirus, MS2 phage,
Feline calicivirus) 47, Additionally, the use of chitosan-based material to treat human norovirus, the number one viral
foodborne pathogen, has been tested 8l But we didn’t come across any reports on nanochitosan against foodborne
viruses. This shows a possible avenue for future research with nanochitosan against these viruses. The research has
demonstrated that combined products have a higher impact compared to CSNPs by itself, indicating that the combination
of different antimicrobial agents with chitosan can be more productive in controlling foodborne microbes.

Furthermore, the use of nanochitosan-based materials for cancer photothermal therapy is an emerging research field that
is not broadly conversed. During recent years, cancer has become a major health crisis throughout the globe costing
thousands of lives each year. According to the World Health Organization (WHO), every sixth death in the world is caused
by cancer 29, The existing treatments, such as chemotherapy and radiation therapy, can be challenging due to harmful
effects exerted on adjacent healthy tissues. Chemotherapeutic agents can affect the noncancerous cells that are dividing
rapidly. Additionally, the other issues with chemotherapeutics include systemic accumulation, developing drug resistance,
and lower effective concentrations at the target sites, leading to undesirable outcomes in cancer patients. The high doses
of radiation used in radiotherapy are known to heighten the invasive properties of cancer cells, and certain cancer types
have developed resistance to the radiation. Hence, targeted thermal treatments such as photothermal therapy have
gained the attention of scientists due to its advantages such as cost-effectiveness, reduced side effects, and noninvasive
nature 9. Nanoparticles containing photothermal agents introduced into tumor sites can be induced by near-infrared
(NIR) light in the wavelength range at first (700—980 nm) or second (1000-1400 nm) biological window 9. Living tissues
and biological substances minimally absorb light in the NIR window leading to lower phototoxicity and have deeper tissue
penetration compared to UV or visible light, making it the preferred light source for cancer therapy BY. Various types of
photothermal agents such as carbon-based compounds (graphene oxide, carbon quantum dots), inorganic nanomaterials
(gold, silver, and copper nanoparticles), and NIR sensitive dyes have been extensively studied in the literature. However,
their application as photothermal agents has been limited due to characteristics such as poor internalization, low stability,
high toxicity, and lower biocompatibility. Chitosan and its water-soluble derivatives have been successfully used to
overcome these issues due to its cationic nature, biocompatibility, and swelling properties. The chemical structure of
chitosan has partial similarity to hyaluronic acid, which acts as a ligand for CD44 receptors that are highly expressed on
several cancer cells. For example, a nanocarrier system formulated with chitosan has shown impressive anticancer effect



against breast cancer spheroids overexpressing CD44 receptors showing its potential as a targeting moiety 2. Hence,

chitosan and chitosan derivative-based nanomaterials have been widely used for cancer photothermal therapy to obtain
products with better pharmacokinetic properties [231[4155][56][57][58][59][60](61]

| 4. Future Directions and Concluding Remarks

The usage of nontoxic, biodegradable polymer systems like chitosan for the progress of the agricultural and biomedical
fields is beneficial for the society and the ecosystem. Among the many uses of nanochitosan in the agricultural sector, its
involvement in alleviating abiotic stresses and application in water purification for agricultural purposes can maximize the
land and water usage for crop production. Compared with conventional materials, renewable chitosan nanoparticles used
as a bioflocculant and a heavy metal adsorbent demonstrate better or compatible performance in industrial or agricultural
wastewater treatments. In the face of climate change, the well-treated non-conventional water (e.g., industrial wastewater)
can be a viable option for crop irrigation to enhance food security for the increasing global population. Even though nano-
chitosan has been widely studied related to its uses as a fertilizer, herbicide, insecticide, and a carrier system, additional
research is needed to exploit its capabilities in abiotic stress management. Notably, in combating heat and heavy metal
stress, studies with bulk chitosan have shown promising results, but there is a lack of reports on the usage of
nanochitosan in these areas. Due to the chelating properties of chitosan, it can also be a useful soil conditioner to
complex toxic metals in polluted soil. Additionally, it is possible to adapt nano-chitosan based heavy metal remediation
methods used in other areas such as water purification and biomedical treatments to suit applications in soil treatments.
Moreover, there are only a few studies on the use of chitosan derivatives to reduce abiotic stress in plants, even in the
bulk form. Therefore, the use of nano-chitosan derivatives can be a novel area with a high potential to combat abiotic
stress in plants that can be explored in the future.

When considering antimicrobial studies, chitosan is used together with a variety of other natural antimicrobials such as
essential oils, propolis from beehives, curcumin, and peptides to control FBPs. It is also clear that the combined effect of
chitosan with other antimicrobials is higher in most of the reported studies, displaying the synergistic antimicrobial effect of
chitosan. However, the use of chitosan-based nanomaterials for treating viral foodborne pathogens is not well studied.
Hence, this can be a future research avenue related to the antimicrobial activity of chitosan. Additionally, nanochitosan
and its derivatives have been extensively used in the production of photothermal agents to treat cancer. Even though
chitosan is not a photothermal agent by itself, its biocompatible and swelling properties have assisted in formulating
therapeutics with required characteristics. For example, chitosan and its derivatives were able to impart greater stability,
dispersibility, increased tumor retention and helped to alleviate cytotoxicity of the nanotherapeutic agents. Liu et al., 2019
reported that the incorporation of carboxymethyl chitosan on graphene oxide nanosheets had enhanced the absorption of
NIR light by the compound 82, Chitosan was used as a reducing agent for graphene oxide-based therapeutics and gold
and as a precursor for the synthesis of other therapeutics 63641631  aAdditionally, chitosan derivatives such as thiol
chitosan, hydroxyethyl chitosan, and glycol chitosan have widely been used in nanoformulations to enable cellular
internalization and loading of other drugs to form multifunctional therapeutics. Furthermore, pH-sensitive drug delivery
systems were developed using chitosan due to its ability to undergo reversible protonation and deprotonation of amine
groups inducing pH-controlled drug release in the acidic tumor microenvironment €8, Chitosan is also known to contain
inherent anticancer properties, based on its ability to induce the production of Tissue Necrotic Factor-a via monocytes,
further enhancing its value in cancer therapy 7. Owing to its nontoxic, biocompatible, and anticancer nature, the use of
nano-chitosan and derivatives in noninvasive cancer therapies such as PTT show great potential for future cancer
treatments.

Despite the many records related to applications of nanochitosan, still, there is more work to be done to bring these up to
field trials and clinical usage. Although chitosan is known to be nontoxic by nature, when formulated into nanoparticles,
dosage-dependent issues can arise due to its enhanced ability to accumulate in the water, soil, and biological systems
compared to the bulk material. Additionally, other compounds incorporated with chitosan, such as metals, can pose an
environmental and health risk during the usage. Therefore, more research needs to be conducted related to the toxicity of
these formulations before the final stages of application. Furthermore, a better understanding of the mechanism of action
of nanomaterials related to agricultural and biomedical fields can shed light on proper usage of those with minimum
damage to the environment, while obtaining the highest benefits for human beings.
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