
INTRODUCTION
Chitosan, a naturally occurring biopolymer derived from 
chitin, has emerged as a material of profound significance 
across various scientific disciplines and industrial sectors. Its 
unique properties, including biodegradability, biocompatibility, 
antimicrobial activity, and non-toxicity, render it versatile for 
applications ranging from pharmaceuticals to agriculture, 
from food preservation to environmental remediation.1,2 This 
comprehensive review embarks on a journey to unravel the 
multifaceted world of chitosan nanoparticles, focusing on their 
production, characterization, applications, biocompatibility, 
and the exciting potential they hold for the future (Figure 1).3,4

Chitosan: Nature’s Versatile Biopolymer
Before delving into the intricacies of chitosan nanoparticles, it is 
crucial to understand the foundational aspects of chitosan itself. 
This biopolymer exhibits unique physicochemical properties, 

making it a darling of researchers in diverse fields.5,6 One of 
the hallmark characteristics of chitosan is its biodegradability,7 

which is particularly vital in an era where environmental 
sustainability is paramount. Unlike synthetic polymers that 
persist in ecosystems for centuries, chitosan degrades naturally, 
minimizing ecological impact. Furthermore, its biocompatibility 
with human tissues has made it an invaluable material in medical 
applications. Chitosan’s antimicrobial properties are equally 
noteworthy, endowing it with the ability to inhibit the growth 
of bacteria and fungi. This trait has found applications in wound 
dressings and food preservation. Its non-toxic nature further 
broadens its horizons, making it safe for various applications.8,9

The Rise of Chitosan Nanoparticles: An Innovation 
Nurtured by Nature
As the applications of chitosan began to unfold, researchers 
recognized the potential to enhance its utility further by 
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creating nanoparticles. Nanoparticles, defined as particles 
with dimensions on the nanometer scale, possess unique 
properties due to their size and high surface area. Chitosan 
nanoparticles have become a focus of scientific inquiry for 
several compelling reasons.
Drug Delivery Advancements
In pharmaceuticals, chitosan nanoparticles have emerged 
as a groundbreaking solution to longstanding challenges 
in drug delivery. The encapsulation of therapeutic agents 
within these nanoparticles offers several advantages.10 First, 
chitosan’s biocompatibility ensures minimal adverse reactions, 
making it an ideal carrier for drugs intended for systemic 
administration.11 Second, the nanoparticles’ size and surface 
characteristics enable enhanced drug solubility and stability, 
addressing the issue of poorly water-soluble drugs, a significant 
bottleneck in pharmaceutical development.12,13 Third, chitosan 
nanoparticles can provide controlled and sustained drug 
release, optimizing therapeutic efficacy while minimizing 
side effects. These attributes have led to extensive research 
into chitosan nanoparticles as carriers for anticancer drugs, 
antibiotics, anti-inflammatory agents, and vaccines.14

Agriculture’s Green Revolution
The agricultural industry faces pests, crop nutrient delivery, 
and soil improvement challenges.15 Chitosan nanoparticles 
have come to the rescue as an environmentally benign solution. 
These nanoparticles exhibit potent antimicrobial properties 
in pest management, making them effective against plant 
pathogens.16,17 Additionally, they stimulate plant growth and 
enhance nutrient uptake, addressing the need for improved crop 
yields. Chitosan nanoparticles also offer a promising avenue 
for delivering agrochemicals and fertilizers, reducing wastage 
and environmental contamination.18

Food Preservation: Extending Shelf Life Naturally
The quest for extending the shelf life of perishable foods while 
minimizing the use of synthetic preservatives has led to the 
exploration of chitosan nanoparticles as a natural alternative. 
Their antimicrobial properties make them effective against 
foodborne pathogens, ensuring food safety.19 Furthermore, 
chitosan nanoparticles can act as carriers for bioactive 
compounds, such as antioxidants and antimicrobial agents, 
enhancing their stability and controlled release in food 
products.20 This dual functionality makes chitosan nanoparticles 
a potent tool in food preservation, aligning with the growing 
consumer demand for clean-label and natural ingredients.21

Environmental Cleanup and Sustainability
The applications of chitosan nanoparticles extend even 
further into environmental sustainability and remediation. 
In wastewater treatment, chitosan nanoparticles have 
demonstrated their efficacy in adsorbing heavy metals and 
pollutants, offering a green and cost-effective solution for water 
purification.22 Additionally, their biodegradable nature ensures 
they do not contribute to long-term pollution, addressing a 
significant concern in traditional water treatment methods. 
These nanoparticles also hold promise in soil remediation, 
where they can facilitate the removal of contaminants from 
polluted soils.23,24

From Shrimp Shells to Nanoparticles: Production Methods
The realization of the immense potential of chitosan 
nanoparticles has spurred research into diverse production 
methods, each with its advantages and limitations. Ionic 
gelation, emulsion cross-linking, nanoprecipitation, and 
electro-spraying are prominent techniques for fabricating 
chitosan nanoparticles.25 These methods involve the interaction 
of chitosan with various cross-linking agents and solvents, 
leading to the formation of nanoparticles. The choice of 
production method often hinges on the specific application, 
the desired particle characteristics, and scalability.26,27 Ionic 
gelation, for instance, relies on the electrostatic interaction 
between chitosan and polyanions, forming nanoparticles with 
high drug-loading capacities. On the other hand, emulsion 
cross-linking involves the dispersion of chitosan in an oil 
phase, followed by cross-linking to yield nanoparticles suitable 
for encapsulating hydrophobic drugs. Each method presents a 

Figure 1: Structure of chitin and chitosan

Figure 2: Flowchart for the synthesis of NPs
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distinct approach to tailoring chitosan nanoparticles to meet 
specific needs, emphasizing the versatility of this material 
(Figure 2).28-30

Characterization Techniques: Unveiling the Nanoparticle 
Identity
Characterization techniques play a pivotal role in assessing 
chitosan nanoparticles’ structural, morphological, and 
physicochemical properties. Scanning electron microscope 
(SEM) and transmission electron microscopy (TEM) offer 
insights into particle size, shape, and surface morphology.31,32 
These techniques are crucial in evaluating nanoparticle 
uniformity and stability, factors impacting drug delivery 
efficiency, and agricultural applications. Fourier transform 
infrared spectroscopy (FTIR), provides valuable information 
about the chemical composition and functional groups 
present in nanoparticles, aiding in understanding their 
stability and interactions with other substances.33,34  X-ray 
diffraction (XRD) analysis allows researchers to determine 
the crystallinity of nanoparticles, which can influence their 
mechanical and drug-release properties. 
Size and Size Distribution

•	 Dynamic Light Scattering (DLS)
DLS measures the hydrodynamic size of nanoparticles, 
providing us with information about their particle size 
distribution. It is the most commonly used technique to 
determine the average size of chitosan nanoparticles in the 
given solution.35

•	 Transmission Electron Microscopy (TEM)
TEM provides high-resolution images of nanoparticles, 
allowing for the measurement of size and clear visualization 
of particle shape. Image analysis software is used to quantify 
the solution’s size and particle size distribution.36

Shape

•	 Scanning Electron Microscopy (SEM)
SEM is used to examine chitosan nanoparticle surface 
morphology and shape. It provides 2D and 3D images and 
is primarily helpful in observing the external structure 
morphology of the nanoparticles.
•	 Atomic Force Microscopy (AFM)
AFM offers topographical information at the nanoscale, 
permitting visualization of the chitosan nanoparticles’ 
3-dimensional shape and surface characteristics.37

Chemical Composition

•	 Fourier Transform Infrared Spectroscopy (FTIR)
FTIR spectroscopy is used to study the chemical composition 
of chitosan nanoparticles. It can also be used to confirm the 
functional groups and chemical bonds present in the given 
solution.38

•	 X-ray Photoelectron Spectroscopy (XPS)
XPS provides information about the elemental composition 
and chemical state on the surface of chitosan nanoparticles. 

It’s valuable for determining the chemical composition and 
surface functional groups. 
•	 Energy-Dispersive X-ray Spectroscopy (EDS)
EDS is often coupled with SEM or TEM to analyze the 
elemental composition of chitosan nanoparticles. It can offer 
information about the distribution of elements within the 
nanoparticles.39

Crystallinity

•	 X-ray Diffraction (XRD)
XRD measures the crystallinity of chitosan nanoparticles. It 
can classify crystalline phases and provide information about 
the crystal structure and spacing between lattice planes of 
the solution.40

•	 Differential Scanning Calorimetry (DSC)
DSC measures the thermal properties of chitosan nanoparticles, 
including their melting points and glass transition temperatures, 
which can provide information about crystallinity and phase 
transitions.

The combination of these characterization techniques 
enables researchers to gain a comprehensive understanding of 
chitosan nanoparticles, guiding their optimization for specific 
applications.41 These techniques are often combined to get 
a complete characterization of chitosan nanoparticles. The 
method used depends on the nature of the nanoparticles and the 
accessibility of the equipment and expertise in the laboratory. 
Each of these techniques plays a crucial role in understanding 
chitosan nanoparticles’ physical and chemical properties, 
which is essential for their application in several fields, 
including drug delivery, biotechnology, and nanomedicine.
Beyond the Lab: Applications Galore
Their wide range of applications best exemplifies chitosan 
nanoparticles’ versatility, each harnessing their unique 
properties to address pressing challenges (Figure 3).
Healthcare Innovations
In the realm of healthcare, chitosan nanoparticles have been 
a focal point for the development of novel drug delivery 
systems. They have shown remarkable potential in the delivery 
of anticancer drugs, enabling targeted therapy with reduced 
side effects.42 Furthermore, they hold promise in regenerative 
medicine, facilitating the controlled release of growth 
factors and stem cell therapy. In oral drug delivery, chitosan 
nanoparticles have demonstrated their ability to enhance drug 
absorption, a critical factor in developing oral vaccines and 
treatments.43

Agriculture’s Green Revolution 
Agriculture stands to benefit significantly from the versatility of 
chitosan nanoparticles. These nanoparticles offer a sustainable 
solution in crop protection by acting as carriers for pesticides 
and herbicides.44 Their antimicrobial properties make them 
effective against plant pathogens, reducing the need for 
chemical interventions.45 Additionally, they enhance nutrient 
uptake by plants, promoting growth and improving overall 
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crop yields.46 Their potential in soil remediation, particularly 
in removing heavy metals and pollutants, contributes to 
sustainable agricultural practices and ensures the safety of 
food products.47

Food Preservation
The preservation of perishable foods has long relied on 
synthetic preservatives, raising concerns about their safety 
and impact on health. With their antimicrobial properties and 
biocompatibility, Chitosan nanoparticles offer a natural and 
safe alternative.48,49 They inhibit the growth of foodborne 
pathogens, ensuring food safety without compromising taste 
or quality. Moreover, their ability to encapsulate and release 
bioactive compounds, such as antioxidants, in a controlled 
manner extends the shelf life of various food products. This 
dual functionality aligns with consumer demands for natural 
and clean-label ingredients.50,51

A Green Approach to Sustainability
The environmental implications of chitosan nanoparticles 
are equally significant. In wastewater treatment, they exhibit 
exceptional adsorption capabilities for heavy metals and 
organic pollutants, providing a sustainable and cost-effective 
solution for water purification.52 Their biodegradability ensures 
they do not contribute to long-term environmental pollution, 
addressing a critical concern in conventional water treatment 
methods. In soil remediation, chitosan nanoparticles can 
facilitate the removal of contaminants from polluted soils, 
contributing to the restoration of ecosystems.53,54

Applications in Heavy Metal Removal in Wastewater 
Treatment
Chitosan nanoparticles derived from shrimp shells have also 
shown promise in wastewater treatment, specifically in heavy 
metal removal. Recent research has highlighted their potential 
applications in this area, including:
•	 Heavy Metal Ion Adsorption
Chitosan nanoparticles have proven to be effective adsorbents 
for heavy metal ions such as lead, cadmium, and chromium, 
offering a viable solution for their removal from industrial 
wastewater and contaminated water sources.55

•	 Wastewater Filtration and Purification
Chitosan nanoparticles have been utilized in filtration systems, 
aiding in the removal of heavy metal contaminants from 
wastewater streams, thereby contributing to the purification 
and remediation of polluted water bodies.56,57

•	 Selective Metal Recovery Techniques
Researchers have proposed innovative techniques utilizing 
chitosan nanoparticles for selective metal recovery, presenting 
a sustainable approach to extract and recover valuable 
heavy metals from industrial effluents and wastewater, thus 
promoting environmental sustainability.58,59

Biocompatibility and Toxicity: Ensuring Safety
The widespread use of chitosan nanoparticles in healthcare, 
agriculture, and food industries necessitates a thorough 

understanding of their biocompatibility and potential toxicity. 
Biocompatibility refers to the ability of a material to interact 
with biological systems without causing harm or adverse 
reactions.59,60 Chitosan, derived from a natural source, has 
generally demonstrated excellent biocompatibility. However, 
the fabrication of nanoparticles introduces new variables that 
can influence their biocompatibility.61 Recent research findings 
have shed light on the safety profile of chitosan nanoparticles. 
Studies have shown that these nanoparticles exhibit minimal 
toxicity and immunogenicity when administered in-vivo in 
drug delivery.62,63 Their biocompatibility makes them suitable 
for targeted drug delivery applications. In agriculture, using 
chitosan nanoparticles as carriers for pesticides and herbicides 
has raised concerns about their impact on non-target organisms 
and ecosystems. Research in this area is ongoing, emphasizing 
understanding the ecological implications of their use.64,65

Challenges and Future Directions: Navigating the 
Nanoparticle Frontier
Despite the immense promise of chitosan nanoparticles, several 
challenges persist. The scalability of production methods 
remains a significant hurdle, particularly in the pharmaceutical 
industry, where stringent regulations govern manufacturing 
processes.66 Ensuring batch-to-batch consistency and 
quality control is paramount for the widespread adoption of 
these nanoparticles in drug delivery.67 Optimizing chitosan 
nanoparticles for specific crops and conditions is an ongoing 
endeavor in agriculture. Tailoring nanoparticles to meet the 
unique needs of diverse plant species and environmental factors 
requires further research and development.68 Addressing 
concerns about their impact on non-target organisms and 
ecosystems is crucial for sustainable agricultural practices. 
The food industry faces challenges related to incorporating 
chitosan nanoparticles into food products. Achieving the 
desired sensory attributes while preserving the nanoparticles’ 
functionality and safety is complex.69 Balancing these factors 
will be essential to meet consumer demands for natural and 
safe food preservation methods. In environmental applications, 
further research is needed to explore the long-term behavior 
of chitosan nanoparticles in ecosystems.70 Understanding their 
fate, transport, and potential ecological effects is vital for 

Figure 3: Applications of chitosan nanoparticles in various fields – data 
collected from Google Scholar.
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responsible use in wastewater treatment and soil remediation.71 

Some other limitations, raw material availability, and cost 
limited availability of shrimp shells and the associated 
costs of extraction and processing pose challenges to large-
scale production, hindering the widespread use of chitosan 
nanoparticles.71 

Standardization and Quality Control: Ensuring consistent 
quality and standardized production of chitosan nanoparticles 
from shrimp shells remains challenging, impacting their 
reliability and reproducibility in various applications.72

Degradation and Stability: Chitosan nanoparticles may 
exhibit varying degrees of degradation and instability under 
different environmental conditions, affecting their long-term 
efficacy and performance in agricultural and wastewater 
treatment applications.73 

Regulatory Compliance and Safety Concerns: Addressing 
regulatory compliance issues and ensuring the safety of 
using chitosan nanoparticles in agriculture and wastewater 
treatment is crucial, considering potential concerns related to 
environmental impact and human health.74 Application-Specific 
Challenges: Tailoring the properties of chitosan nanoparticles 
to meet specific requirements in diverse agricultural settings 
and wastewater treatment processes demands a comprehensive 
understanding of their interactions with different soil types, 
crops, and water sources, presenting a significant challenge in 
application-specific optimization.74 Competing Technologies 
and Alternatives: The existence of competing technologies and 
alternative materials for agricultural and wastewater treatment 
purposes may pose a challenge to the widespread adoption of 
chitosan nanoparticles, necessitating continuous innovation 
and comparative performance evaluations.76 

Environmental Impact Assessment: Conducting 
comprehensive life cycle assessments and environmental 
impact studies of chitosan nanoparticle-based applications is 
essential to understanding their sustainability and ecological 
implications, which requires significant research and 
resources.77

CONCLUSION
In conclusion, chitosan nanoparticles derived from shrimp 
shells exemplify nature’s gift to science and industry. 
Their unique properties, ranging from biodegradability to 
antimicrobial activity, make them versatile candidates for drug 
delivery, agriculture, food preservation, and environmental 
remediation applications. As we stand at the forefront of 
innovation, the journey of chitosan nanoparticles is far from 
over. It is a journey marked by promise, progress, and the 
pursuit of sustainable solutions to contemporary challenges. 
This comprehensive review embarks on a voyage to unveil 
the intricate world of chitosan nanoparticles, encompassing 
their production methods, characterization techniques, 
applications, biocompatibility, and challenges. Future research 
may focus on improving drug loading capacity, controlled 
release, reducing potential toxicity, and increasing transfection 
efficiency. Chitosan nanoparticles can be used in wound 

dressings, and future research may look at optimizing their 
properties for wound healing applications, involving improving 
their biocompatibility and mechanical properties. Chitosan 
nanoparticles can be used to enhance nutrient uptake in plants. 
And might investigate their role in sustainable agriculture. 
Chitosan nanoparticles can be used as natural preservatives 
in food products. Chitosan nanoparticles can remove heavy 
metals and pollutants from water. Future research may target 
the development of efficient and cost-effective water treatment 
technologies. It is a testament to the remarkable potential of this 
biopolymer, a potential that continues to expand and evolve, 
promising a greener, healthier, and more sustainable future. 
As we navigate the nanoparticle frontier, we are guided by 
the knowledge that the synergy between nature’s offerings 
and human innovation holds the key to a brighter and more 
sustainable world.
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