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Abstract The primary goal of a drug delivery system is
to transport drugs to their intended locations. Researchers
have utilized various polymers to create nanoparticles that
enhance the therapeutic effects of drugs while minimizing
toxicity levels. Chitosan, a natural polymer derived from
chitin, is commonly used in this process. Chitosan is
obtained by removing its acetyl groups and possesses
several desirable characteristics for drug delivery, such as
being non-toxic, biodegradable, eco-friendly, and anti-
inflammatory. This review aims to explore the creation of
chitosan nanoparticles (ChNPs) using different preparation
methods, examine the challenges associated with using
ChNPs for various purposes, and investigate their potential
in the medical field. Advanced gelation methods, such as
ionotropic gelation, microemulsion, and emulsification
solvent diffusion techniques, are highly efficient for
generating ChNPs. Chitosan nanoparticles have the
advantage of being able to encapsulate and regulate drug
release, particularly in acidic aqueous environments. This
review also delves into the biodegradability and toxicity of
chitosan and discusses the properties of nanospheres that
make them promising for targeted drug delivery to specific
areas of the body. In conclusion, this study contributes
significantly to the ongoing effort to develop more
advanced drug delivery approaches that address the
limitations of current methods.
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1. Introduction

Nanoparticles, often referred to as colloidal drug
delivery systems, consist of submicron particles with sizes
ranging from 10 to 100 nm. These particles can be natural
or synthetic polymers. Compared to microparticles, these
nanoparticles possess several advantages, including
targeted drug delivery to specific sites, controlled and
sustained release of medication, and a higher surface-to-
volume ratio. These features enable a reduction in the
necessary drug dosage and frequency of administration,
which can improve patient adherence [1]. There are two
ways to produce nanoparticles: top-down methods, which
involve  sonication, high-pressure methods, and
homogenization, and bottom-up methods, which involve
solvent displacement and reactive precipitations [2].
Owing to their size, they differ from larger atoms in their
atomic properties [3]. This leads to the development of
nanoparticles with specific characteristics [4]. One of the
most widely utilized polymers for the synthesis of
nanoparticles is chitosan, which offers certain advantages
over other polymers.

Chitosan is a biodegradable and biocompatible polymer
with a structure of cellulose-like carbohydrates that
comprises the N-acetyl glucosamine group and
glucosamine units, two kinds of alternating repeating units
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(Figure 1). Chitin is a whitish, inelastic polysaccharide
produced when chitin is deacetylated [5]. ChNPs are
simple, less hazardous, more stable, biocompatible, and
relatively easy to synthesize. Chitosan is a natural polymer
that is both biodegradable and biocompatible and has even
received FDA licenses for Generally Recognized as Safe
(GRAS) [6]. Chitosan nanoparticles present a combination
of functionalities of both chitosan and nanoparticles [7].
Chitosan has a wide range of applications and this is
because it is cheap and readily available in the market,
especially in the medical field for the treatment of wounds
[8] and in the formulation of drug carriers [9].
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Figure 1. Structure of chitosan
2. Methodology

We conducted an extensive literature search using
multiple databases, including PubMed, Scopus, Web of
Science, Embase, and Google Scholar, to gather
information on chitosan nanoparticle drug delivery systems.
We utilized Mendeley 2.1 as a database manager, and
extracted relevant information for various
nanoencapsulation formulations. The key search terms
used in this study were chitosan, nanoparticle drug delivery,
the safety of chitosan, nanoparticle preparation, nanoscale
drug formulations, and microemulsions.

3. Biodegradability and Safety of
Chitosan

In contrast to chitosan with an overly high molecular
weight, which can be broken down into smaller fragments

Table 1.

Chitosan Nanoparticles: Revolutionizing Targeted Drug Delivery Systems

adequate for renal clearance, the kidneys can successfully
remove chitosan with appropriate molecular weight in vivo.
Chitosan is primarily broken down through enzymatic
catalysis and chemical reactions, with the latter being the
predominant mechanism in vivo. A greater amount of
deacetylation results in a faster rate of deterioration [10].
The accessibility of the amino groups in chitosan is also
necessary for enzymatic breakdown. There is an overall
acknowledgment of chitosan as a non-toxic polymer that is
appropriate for use as a carrier in medication. It is also a
certified food product in the United States, as per the Food
and Drug Administration [11]. Chitosan has been agreed to
be appropriate for preparing nano- and microparticles used
to accomplish controlled system release of the drug.
Specifically, chitosan nanoparticles have numerous
advantages over other delivery systems because of their
enhanced stability and biocompatibility, reduced toxicity
and side effects, eco-friendly synthesis procedures, and
multiple ways of administration.

Consequently, chitosan has attracted increasing interest
as a drug delivery vehicle. Owing to their solubility in
aqueous acidic solutions, these nanoparticles can control
the release of active ingredients, which eliminates the
requirement for risky organic solvents during particle
manufacturing. Chitosan is a linear polyamine; it has more
functional free amine groups, and these free functional
groups are more reactive and open for cross-linking. The
crosslinking mechanism of the ionic type implies the ability
for ionic compaction related to the interaction of
multivalent anions; hence, it is cationic [12]. Drug-loading
and release Chitosan nanoparticles have shown high drug-
loading capacities for various types of drugs, including
small molecules, peptides, proteins, and nucleic acids.
There has been a recent focus on how surface charge and
size modification improve drug release kinetics for
chitosan nanoparticles; one such example is that the rate at
which drugs are released from positively charged chitosan
nanoparticles is slower than that of their negatively charged
counterparts. The advantages and disadvantages of the
nanoparticle formulations of chitosan are shown in Table 1.
Moreover, the addition of hydrophobic groups to chitosan
molecules can increase the stability of the particles and
control their drug-release rate [13].

Advantages and Disadvantages of Chitosan Nanoparticulate Dosage Form

Advantages

Disadvantages

Less toxicity

Less mechanical resistance.

Suitability for biological systems

Difficult to achieve exact control over pore size.

Exhibits mucoadhesive properties

Difficult to reduce in size.

Improve stability

Electrospinning pure chitosan poses challenges.

Targeting drugs to specific sites

During preparation, crosslinking modifies the intrinsic characteristics of
chitosan.

Improved therapeutic index of the drug

Limited solubility under alkaline and neutral pH conditions.

Dosing that is costly, frequent, and uncomfortable is avoided

The preparation process needs to be modified based on the drugs that
will be administered.
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4. Preparation of Ch\NPs

Techniques for preparing ChNPs have been developed
over the past three decades because of improvements in
chitosan microparticle technology. Four techniques are
most frequently employed to create chitosan nanoparticles:
ionotropic gelation, microemulsion, emulsification solvent
diffusion, and polyelectrolyte complex. Ionotropic gelation
and polyelectrolyte complexes are the two most well-
known methods for preparing chitosan nanoparticles.
These techniques have several benefits, including a quick
and gentle preparation step that does not require organic
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solvents or sheer power. As a result, these techniques are
widely applicable to many different drug classes, including
labile medicines, such as macromolecules. In general, the
molecular weight and level of deacetylation of chitosan are
important parameters that determine nanoparticle
formation, such as particle size and surface charge. The
pKa and solubility of the entrapped medicines have an
impact on entrapment efficiency. Electrostatic, hydrogen
bonding, and hydrophobic interactions are the main
mechanisms by which drugs and chitosan interact [14]. The
various methods employed to produce chitosan
nanoparticles are summarized in Table 2.

Table 2. Different techniques of chitosan nanoparticles

Particle
SL Method N f Formulation Formation Advantages Disadvantages
No. | preparation .
mechanism
. . Limit lubility, Batch
Simple Process, Wide m e(.l .SO ubility, Batc
Variability,
. . Toni - Applicabilit . .
1 Tonotropic Chitosan, Poloxamer TPP, l.ori(l.c cross PP Y ) Aggregation Issues, Size
gelation Acetic acid g Control over Size and | Distribution,
Mechanism o . .
Charge, ) Limited Encapsulation Efficiency
Biocompatibility Influence of Ionic Strength
Uniform Particle Size, o -
. Stability, Control over le.lte(.l .SOIUblhty’ Bgtch
. . Sodium stearate, n-hexane, - Variability, Aggregation Issues,
Microemulsion . . . Spontaneous Composition, Easy . Lo .
2 Chitosan, Acetic solution, . Size Distribution, Limited
method mechanism Scale-up, Surfactant- . .
Glutaraldehyde Assisted Encapsulation Efficiency
ssiste Influence of Ionic Strength
Synthesis
Emulsification Simplicity, LOW E'ffjme'ncy, Limited Com? ol
. o . . Variability in size and properties
3 solvent Chitosan, Poloxamer, Diffusion Uniformity, between hatches. Prone t
diffusion Methanol mechanism Versatility, Scalability, | o con Paicnes, trone fo
. . aggregation or coalescence, not
method Mild Conditions : .
suitable for all materials
]S;l‘jé’rl:el:l\‘/’gzﬁg Limited Stability, Complex
Polyelectrolyte | Plasmid DNA, Chitosan, . 2 Processing, Control Challenges,
4 . Complexation Tunable Properties, o
complex Acetic acid . s Release Control, Characterization
biocompatibility, Complexit
efficient encapsulation P Y
Controlled size, high . .
. Surfactant residue may persist;
yield, cost- complex process demands
Emulsion Chitosan, Acetic acid, effectiveness, and p . P . .
o Lo N . precision; polydispersity leads to
5 polymerization | Methylmethacrylate Polymerization suitability for sensitive . L .
: . . size variation; scalability
method solution materials due to its o
. . challenges; stability concerns
mild operating . .
. from residuals and agglomeration
conditions
hi lacial i S . o
c 'ltosan, Glacia .a cetie Simplicity, Rapid Limited Control, Batch-to-Batch
acid, and NaCl, Linseed . . .
Spontaneous K . . Process, Cost- Variation, Particle Size
6 . . oil, Span 80, Acetone and Emulsification . . R .
emulsification Effective, Mild Distribution, Stability Concerns,
Glutaraldehyde-saturated .
Conditions Scale-Up Challenges
toluene
Controlled Process, Complex Process, Solvent
Solvent Tristearin, Chitosan, Wide Applicability, P L
S . . . Residues, Capping Agents,
7 injection phosphate buffer, Tween Injection High Purity, . . o
. Aggregation Risk, Limited
method 80 Scalability, .
Lo Encapsulation
Customization
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Table 2 continued
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Narrow Size
Reverse Sodium bis-(2-ethylhexyl) Distribution, Stability, Complex Process, Limited
. . N Controlled . .
8 micellar sulphosuccinate, as N- Micellization . . Loading, Surfactant Residues,
. Environment, Suitable K .
method hexane, chitosan . High Cost, Microscale
for Hydrophobic
Materials, Scalability
Simplicity and Cost- | 5/ 14 Solubility,
Precipitation/ effectiveness, Agglomeration Risk, Structural
Precipitation/ Chitosan, Sodium P . Versatility, Particle &8 o
9 . . Coacervation . Control, Reproducibility Issues,
Coacervation Hydroxide . Size Control, . .
Mechanism o . . Encapsulation Efficiency,
Scalability, Bioactive . oo
. Material Suitability
Encapsulation
. . Hydrophobic Limitation,
Simplicity and Cost- o )
Chitosan, Sodium sulphate, Effectiveness, High Solvent Compatibility, Size
10 Desolvation ethanol, Tween 20, Desolvation Yield, Control over Distribution, Aggregation Risk,
Glutaraldehyde Size, Hydrgphobic Scale-up Challenges,
Encapsulation L .
Application Specific
Simple Process, Size Distribution, Limited
Versatile: Scalability, Stability, Solvent Residues,
Nano Chitosan, Methanol, . Controlled Size, .
11 Precipitation Tween 80 Precipitation 12Encapsulation Scale-Up Challenges, Limited
Efficiency, Mild Control, Batch-to-Batch
Conditions Variability
Rapid Process, Agglomeration, Complex
Scalability, Process,
. . . Encapsulation T e
emperature Sensitivity, Loss of
12 Spray-Drying SC?Z;OZ?HI’H?ZECMI acetic Atomization Efficiency, Particle . i o Y
, ato Size Control, Bloaf:tmt.y, Surface
Stabilization, Diverse Modifications,
Applications high Cost
Nanoscale, Material
Versatility, Structure Complex Setup, Batch
Complex Chitosan, albumin, Control, Surface Variability,
13 Coacervation polyethyleneimine, sodium | Coacervation Modification, Low Yield, Time-Consuming,
Method sulfate Biom.edifzal Solvent Residues, Agglomeration
Applications, Risk
Scalability
Enables encapsulation
of hydrophilic and . .
lipophilic drugs, Formulatlon (‘:omplex1ty anq
Double Provides controlled Ilme-cfotr)l'suml.ng pr(;)ce.ss, Risk of
emulsion | Stearc acid, relesse and nhanced |8 b e salabil
14 solvent Dichloromethane, Evaporation stability, Allows for for lar ’1 roduction Y
evaporation Methanol, Tween 80 tailored particle size PO a gel scale pro ufc (i ’
method and distribution, ot'entla presence of so vent
residues, Susceptibility to
Protects encapsulated physical instability over time.
compounds from
degradation.

4.1. Ionotropic Gelation

This method uses electrostatic contact between the
amine group of chitosan and a polyanion containing a
negatively charged group, such as tripolyphosphate. In the
absence or presence of stabilizing chemicals such as
poloxamers, chitosan can dissolve in acetic acid. Following
the addition of polyanions, mechanical stirring at room
temperature resulted in the spontancous formation of

nanoparticles. By adjusting the proportion of chitosan in
the stabilizer, it was possible to alter the size and surface
charge of the particles. When the concentration of chitosan
and the polymer-to-polyanion ratio were increased, an
overall improvement in particle compactness and size was
observed. In addition to the smaller particle sizes in the
saline solution owing to its sodium chloride content, they
also found that the nanoparticles distributed in it were more
stable. Blocking the addition of a monovalent salt such as
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sodium chloride to the solvent inhibits electrostatic
repulsion between positively charged amine groups on the
chitosan backbone. Therefore, the polymer chains in the
solution are more flexible, increasing the stability of the
material [15]. Various concentrations of chitosan (0.1 %—
1 %) were dissolved in 100 ml of 1 % v/v acetic acid to
form a chitosan solution. To create a 0.1 % sodium
tripolyphosphate (TPP) solution, 100 mg of TPP was
dissolved in 100 ml of deionized water. Then, the required
mg of the drug was added to the TPP solution. The mixture
was homogenized for three hours while being agitated at
1500 rpm on an ultrasonicator (vibronics). The TPP
solution was added dropwise. A TPP aqueous solution of
TPP was added to the chitosan solution to produce
nanoparticles. A high-speed centrifuge (Sigma) was used
to centrifuge the nanoparticle suspension for 10 mins at
15,000 rpm. TPP's negatively charged amino groups of
TPP and the positively charged amino groups of chitosan
interact to produce nanoparticles [16]. The preparation of
chitosan nanoparticles by ionotropic gelation is presented
in Figure 2.

4.2. Microemulsion Method

Maitra created the first formulation of chitosan NP using
the microemulsion technique. This method is based on the
formation of chitosan NP within the water core of reverse
micelles and cross-linking with glutaraldehyde. This
procedure involved dissolving the surfactant in n-hexane.
Subsequently, chitosan dissolved in an acetic solution and
glutaraldehyde were mixed with surfactant’/hexane under
constant stirring at room temperature. Surfactants induce
the development of nanoparticles. The last step was
crosslinking, which was achieved by reacting the free
amine group of chitosan with glutaraldehyde for 24 h. It
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was then concentrated under reduced pressure to remove
the organic solvent employed in the extraction step. The
yields of ChNPs cross-linked to the surfactant and excess
surfactant were also determined. Centrifugation was used
to separate the precipitate after it was precipitated with
CaCl, to eliminate the extra surfactant. After dialyzing, the
final suspension of the nanoparticles was lyophilized. The
particle size can be controlled using this technique by
changing the amount of glutaraldehyde, which alters the
degree of cross-linking. The given method has advantages
and disadvantages, some of which have been discussed. On
the positive side, the use of enzyme-substrate systems can
minimize the use of organic solvents, although on the
negative side, the preparation of enzymes might take a long
time, and the washing process itself is somewhat complex
[17].

4.3. Emulsification Solvent Diffusion Method

Chitosan nanoparticles were synthesized according to
El-Shabouri employing the emulsion solvent diffusion
process of Niwa et al. developed by engaging PLGA
(Figure 3). The method is based on the low interaction of
an organic solvent with water; however, when
mechanically stirred, an organic phase is injected into a
chitosan solution that contains a stabilizing agent, that is,
poloxamer, followed by high-pressure homogenization. To
overcome the miscibility of organic solvents in water, the
emulsion was diluted with a large amount of water.
Nanoparticle formation is caused by the diffusion of
organic solvents into water. Hydrophobic drugs can be
entrapped by this method with a high percentage of drug
entrapment. This approach has several drawbacks, such as
strong shear forces and severe processing conditions (e.g.,
the use of organic solvents).

Magnetic stirrer o

( )

'; High speed stirring

O O

- R

J

Figure 2. Diagrammatic representation of Preparation of Chitosan nanoparticles by Ionotropic gelation Methods
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Figure 3. Diagrammatic representation by Emulsification solvent diffusion method

4.4. Polyelectrolyte Complex (PEC)

PEC are formed by a mechanism known as charge
neutralization between cationic polymers and DNA, which
results in a decrease in hydrophilicity. Complex
polyelectrolytes, also known as self-assembling polymers,
are complexes created when plasmid DNA and a cationic-
charged polymer self-assemble. This characteristic is
shared by several cationic polymers, including gelatin and
polyethylenimine. In general, this procedure offers an easy
and gentle preparation process that is free of difficult
conditions. The nanoparticles spontaneously formed when
the DNA solution was added to chitosan dissolved in acetic
acid solution under mechanical stirring at room
temperature or low temperatures, and the size of the
complex ranged from 50 nm to 700 nm [18].

4.5. Emulsion Polymerization Technique

Chitosan-coated nanoparticles were synthesized using
the emulsion polymerization method in a sealed 100 flask.
Under magnetic stirring at 400-500 rpm, chitosan was
dissolved in a 100 ml solution of 1 % acetic acid. The pH
level was regulated to fall within the range of 4-5. A
solution containing one per cent (w/v) of the monomer
methylmethacrylate was added to the previously mentioned
mixture at a temperature of 75 °C, followed by the addition
of APS solution. After five hours, the reaction was
complete. The concentration of the initiator was varied to
produce the three formulations. A study was conducted to
examine the impact of initiator concentration on various
parameters, including mean particle diameter, drug content,
entrapment efficiency, loading capacity, electrophoretic
mobility, and zeta potential. A comparative analysis was
conducted to assess the sustained-release effect of the
formulations [19].

4.6. Spontaneous Emulsification

Drug-containing chitosan nanoparticles have been
synthesized using a cost-effective approach called
spontaneous emulsification in a lab environment. To
produce chitosan gel, the necessary amounts of chitosan
and NaCl (2 % each) were mixed with the necessary
amounts of 3 % (v/v) glacial acetic acid and swirled
constantly for two hours. The gel was left overnight to
develop into a transparent gel. Additionally, the drug was
dissolved in 5 ml of chitosan gel at drug-to-polymer ratios
of 1:0.5, 1:1, 1:1.5, 1:2, 1:2.5, 1:3, 1:4, and 1:5 while being
stirred magnetically. Under magnetic stirring, 10 ml of
linseed oil containing 2 % vol/vol Span 80 was added
dropwise to the chitosan gel containing the medication.
Five milliliters of acetone was gradually added to this (2
ml/min). The apparatus was kept in motion for an hour
while being wrapped in aluminum foil. The system was
then gradually added to 5 ml glutaraldehyde-saturated
toluene, and it was constantly agitated for 2 h. A suspension
of nanoparticles was obtained by centrifugation at 5000
rpm, cleaning with toluene, and drying. The same process
was used to prepare drug-free chitosan nanoparticles by
removing the drug. To protect against sunlight exposure,
the entire procedure was performed in a dark room [20].

4.7. Solvent Injection Method

A solvent injection method was used to prepare SLNs
using ethanol as an organic solvent. Tristearin, solubilized
CT phospholipid R 80 H, and the drugs were dissolved in
ethanol at a certain ratio, and the mixture was heated to
70 °C. A certain quantity of Tween 80 was added to the
phosphate buffer solution (pH 7.4) to produce the aqueous
phase, which was then stirred at 70 °C. Using a hypodermic
needle, the organic phase was dropped into a preheated
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aqueous solution and stirred. After that, the mixture was
sonicated a variety of times to produce nanoparticles. To
produce SLN using a similar process, the ideal parameters,
namely Tween 80 concentrations in a specific ratio and
maximum sonication time, resulted in maximum
entrapment efficiency and controlled release [21,22].

4.8. Reverse Micellar Method

The reverse micellar method results in the formation of
nanoparticles with highly refined size distributions (Figure
4) [23]. Many polymers can be utilized to produce micelles
for drug delivery. Reverse micelles are liquid mixtures of
water, oil, and surfactants that are thermodynamically
stable. Owing to the production of particles with a narrow
size range, reverse micelle-hosted technology exhibits
dynamic behavior compared to conventional emulsion
polymerization techniques [24]. This technique produces
reverse micelles by dissolving a surfactant in an organic
solvent. When the water content of micellar droplets is
switched, Brownian motion causes them to randomly shift,
causing them to split into two micelles [25]. An organic
solvent, like n-hexane (water-in-oil emulsion), is mixed
with a lipophilic surfactant, like sodium bis-(2-ethylhexyl)
sulphosuccinate, to create an organic phase. After that, the
surfactant and organic solvent were mixed, and while
stirring, an aqueous drug-chitosan solution was added. The

—
1.Add Solvent
chitosan,drugs [O@ O O Q| evaporation Buffer
E—
2.Add cross oo 8 -
linking agent with O O o
continuous stirring| . O @ o
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liquid was stirred overnight to cross-link after the addition
of a cross-linking agent. The liquid was stirred overnight
after the addition of a cross-linking agent has been added
to facilitate cross-linking. The dried material was mixed
with water to remove the surfactant, and then salt was
added to perform the same. Centrifugation was then used
to recover the ChNP. Three procedures were used to
separate the nanoparticles: surfactant precipitation with
CaCl2, dialysis to filter out unreacted materials, and freeze-
drying [26]. As a result, small narrow particles can be
produced. Using the reverse micellar method, ChNPs in the
size range of 80—180 nm loaded with bovine serum albumin
(BSA) were produced [27].

4.9. Precipitation/Coacervation

This strategy depends on the physicochemical properties
of chitosan, notably its inability to dissolve under alkaline
pH conditions, which produces a precipitate. This method
involves the introduction of a chitosan solution into an
alkaline solution using a pressurized air nozzle to produce
coacervate droplets. The particles were then separated and
purified using centrifugation or filtering. As shown in the
image (Figure 5), this was followed by several washing
stages using hot and cold water. This technique has been
used to produce DNA and chitosan nanoparticles [28].

Nano' particles

D
g4 in buffer

mass

Figure 4. Diagrammatic representation by Reverse Micellar method

/

Chitosan Solution

Pressure =]

I — Blower

\

Pressurized nozle

“{—Alkali Solution

Figure 5. Diagrammatic representation of Chitosan Nanoparticles prepared by Precipitation/Coacervation
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4.10. Desolvation

The Desolvation procedure was used to produce micron-
sized carriers for the first time [29]. Chitosan nanoparticles
are commonly produced using sodium sulphate [30]. This
technique enables the dispersion of DNA and proteins [31].
The essential components of the desolvation method are
phase separation and coacervation. Desolvation agents
(such as ethanol or acetone) cause nanoparticles to
precipitate, whereas a cross-linking agent stabilizes the
nanoparticles [32]. This procedure includes mixing an
aqueous chitosan solution with a precipitation agent (such
as sodium sulfate) after adding a stabilizing agent (such as
Tween 20). The removal of chitosan surrounded by water
was achieved using a salty chitosan solution, resulting in
the precipitation of chitosan owing to its insolubility. The
final step is to use glutaraldehyde to harden the
nanoparticles. The best advantage of this process over other
processes is that this method can produce nanoparticles in
one step, along with the other benefits, which include low
frequency, and less electricity usage, and cost efficiency
[24].

4.11. Nano Precipitation

This method uses a non-aqueous solvent to dissolve the
drug, which is then precipitated in an aqueous solution.
This method is simpler than other methods, less labor-
intensive, and much less costly. In addition, it produced a
more homogeneous and stable product with fewer
impurities. This fabrication method is known as the
Marangoni effect. When the oil phase is gradually
introduced into the aqueous phase while being moderately
mixed, nanoparticles are produced from the colloidal
suspension in the nanoprecipitation technique. The
advantage of a quick and simple procedure is that the
nanoparticles develop instantly and require only one step.
The oil phase/aqueous phase ratio, aqueous phase agitation
rate, and other crucial manufacturing process variables
significantly affect the nanoprecipitation method [33].
Because there is no shear stress, it is possible to synthesize
particles with a narrow dispersion. This technique is
typically used to entrap hydrophobic pharmaceuticals;
however, it can also be used to include hydrophilic
medications. Polymers and drugs are dissolved in an
organic solvent that is water-miscible, such as acetone or
methanol. The solution was then added dropwise to an
aqueous solution containing a surfactant. Nanoparticles are
produced instantly through quick solvent diffusion. The
solvents were then eliminated at reduced pressure. The
creation of the dispersed phase results from dissolving
chitosan in a solvent system and then forcing methanol, the
dispersion phase, through the membrane using a peristaltic
pump at a constant flow rate of 0.8 mL/min. Tween 80 was
introduced into the dispersion phase to create NPs [29].
However, it should be noted that nanoparticles in the size

Chitosan Nanoparticles: Revolutionizing Targeted Drug Delivery Systems

range of 50 to 300 nm are possible to synthesise using
nanoprecipitation and that smaller particles offer a greater
number of contact points. This characteristic is essential in
adsorption and desorption systems [34,35]. As a result of
this method, particles as small as 170 nm can be generated,
which increases the number of applications and efficiency.

4.12. Spray-Drying

This procedure uses a nano-spray drier. Glacial acetic
acid was used to solubilize chitosan in water, which was
then kept overnight. Subsequently, the solution was
atomized using an atomizer to produce droplets. ChNPs are
created by combining these droplets with a drying gas to
evaporate the liquid phase. The most common nozzle size
for spray-drying is 4.0 to 7.0 mm and the flow rate is about
2 mL/min. The drying gas flow rate is 1.3 m*/min; taking
in temperature is 120°C and taking out at a temperature of
80°C [36]. The initial feed as well as the operational
parameters such as the nozzle size, flow rate, and the inlet
and exit temperatures, affect the characteristics and
manufacturing yield of ChNP throughout the spray-drying
method. In the pharmaceutical field, particularly in the
production of antibiotics such as ampicillin, amoxicillin,
and vancomycin, spray-drying is extensively used to make
the microencapsulation process [37]. Spray drying is a
simple, continuous, and smooth process which is slightly
affected by the drug and polymer solubility. It can be used
in combination with hydrophilic or hydrophobic polymers
or heat-sensitive or heat-resistant medication that is water-
soluble or water-insoluble. For protein-loaded ChNPs,
spray drying is an easy, one-step, protein-friendly method
[38]. Low dosages and good efficiency make ChNPs
loaded with dexketoprofen trometamol a feasible oral
prolonged-release medicine delivery approach. The Nano-
spray Dryer B-90 can be used to make the system
acceptable for materials that are sensitive to heat [39].

4.13. Complex Coacervation Method

Chitosan-DNA Nanoparticles have been reported to
form easily by the coacervation of the positively charged
amine groups on the chitosan and the negatively charged
phosphate groups on the DNA. It has been observed that
the ratio of the two polymers has a significant impact on
the size of the nanoparticles to be synthesized, surface
charge, the ability to entrap the desired material and the
nature of the release of the same. By adjusting the ratios of
the two ionic polymers, it is possible to change the
physicochemical and release properties of chitosan (CS)-
dextran sulfate (DS) nanoparticles. Under typical mild
circumstances, CS—DS nanoparticles can transport both
water-soluble small and large molecules, including
proteins, plasmid DNA, Rhodamine 6G (R6G), and bovine
serum albumin (BSA) [40,41].
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4.14. Double Emulsion Solvent Evaporation Method

SLNs were developed using the w/o/w double emulsion
solvent evaporation method (Figure 6). For SLN
manuscript preparation, 5 mL of the solvent mixture was
required to dissolve 300 mg of stearic acid. In this method,
dichloromethane and methanol in a 2:3 ratio were
employed as solvents. Additionally, 1 mL of an aqueous
solution containing 0.125 % v/v Tween 80 was used to
dissolve the drugs. Finally, the two solutions were
sonicated for 2 mins at 0.5 frequency and 60° amplitude
using a Hielscher Ultrasonic Processor (UP200H,
Germany). Following the addition of the main emulsion to
100 mL PVA solution (1 % v/v), the mixture was agitated
at 1500 rpm for two hours at room temperature (250C),
resulting in the formation of SLNs as the solvent
evaporated [42].

5. Factors Affecting the Synthesis of
Nanoparticles

The production of nanoparticles is affected by several
variables, such as pH, temperature, pressure, time,
preparation cost, particle size and shape, pore size,
environment, proximity, and additional biological
parameters. Temperature and pressure affect the nature and
features of nanoparticles, whereas pH determines their size.
Nanoparticle quality is influenced by incubation time.
Practical applications require cost-effectiveness, and
biological synthesis is more cost-effective than other
methods. The properties of nanoparticles are influenced by
their size, shape, and pore size, and their nature is affected
by their surroundings. Property changes are induced by
particle proximity. Enzymes that affect synthesis and
secondary metabolites are provided by biological systems,
such as microbes and plants. The number and quality of
nanoparticles are influenced by purification techniques,

including centrifugation and chromatography, which are
important for use in the pharmaceutical and biomedical
industries [43].

6. Characterization of Prepared
Nanoparticles

Several techniques are used to characterize the prepared
nanoparticles: Fourier transform infrared spectroscopy
(FT-IR) analysis, practical yield calculation, drug
entrapment efficiency evaluation, surface morphology
study, particle size distribution analysis, zeta potential
measurement, in vitro release studies, kinetic modeling,
and stability studies. The FT-IR spectrophotometer was
employed to record the spectra of chitosan-encapsulated
drugs contained within solid lipid nanoparticles (SLNs), as
well as for a physically blended mixture of lipids and
therapeutic agents in a 1:1 proportion. Drug-loaded SLNs
were evaluated for a particle size, polydispersity index, and
zeta potential. After appropriate dilution with distilled
water, the particle size distribution of SLNs containing
medicines was measured using laser scanning technology
and a Malvern device. A temperature of 25°C was
maintained while computing the zeta potential,
polydispersity index, and average particle size for each
formulation. The polydispersity index was used to measure
the population distribution of different nanoparticle sizes
[44].

6.1. Scanning Electron Microscopy (SEM)

The synthesized SLNs were subjected to morphological
analyses using scanning electron microscopy (SEM). The
double-sided sticky tape was used to gently apply the
formulas to circular aluminum stubs before utilizing the
HUS-5 GB vacuum evaporator to cover them in a layer of
gold. A Hitachi S-3000 N SEM was then used to observe
the samples with an acceleration voltage of 10 kV and a
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magnification of 5000X [45].

6.2. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) was used to
investigate the melting and recrystallization characteristics
of crystalline materials, such as SLNs. A DSC device was
used to measure the samples, which were safely contained
inside aluminum pans. Under a nitrogen atmosphere, the
temperature was increased from 25 °C to 200 °C at a rate
of 100 °C/min. The following procedure was used to
determine the total drug content: A 1:10 volume ratio of pH
7.4 phosphate buffer solution (PBS) and ethanol was used
to dissolve a 1 ml suspension of the synthesized SLNs. The
amount of carbamazepine was measured using a UV
spectrophotometer. A placebo formulation made in a
manner identical to that of the drug-loaded SLNs was used
as the standard. The total drug content was then calculated
[46].

6.3. Drug-Loading Content and Encapsulation
Efficiency

To assess the effectiveness of the synthesized
nanoparticles as drug delivery systems, drug loading and
entrapment efficiency studies were conducted. The
nanoparticle solution was centrifuged for 1 hour at 21,000
rpm and at 4°C. The remaining free drug in the supernatant
was then measured using a Shimadzu double-beam
spectrophotometer (model 1700) at a wavelength of 265
nm [47]. Drug-loading content and encapsulation
efficiency were calculated using specific formulas:

Entrapment efficiency (%)
AZT conc in AZT — DS—A
- ex
B Initial AZT conc

Nps

x 100
Loading efficiency (%)
n AZT conc in AZT—DS—ANps
ex

- weight of hybrid nanoparticle
x 100

7. Applications of Chitosan
Nanoparticles in Drug Delivery

There are many applications of chitosan nanoparticles in
drug delivery, including parenteral, oral, and non-viral
gene delivery; vaccine delivery; ocular drug delivery;
electrodeposition; stability improvement; mucosal drug
delivery; controlled drug delivery; tissue engineering; and
insulin delivery [41].

7.1. Parenteral Drug Delivery

According to this study, nanoparticle biodistribution
varies based on size, charge, and hydrophobicity. Larger
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particles (>100 nm) are quickly cleared by RES, whereas
smaller ones linger. Hydrophilic coatings (e.g., PEG)
extend circulation. Chitosan NPs tend to accumulate in
tumors, possibly due to leaky vasculature. IV
administration is feasible due to the capillary size (4 mm)
[48].

7.2. Per-Oral Administration

Chitosan's ability to promote absorption when
administered orally involves both transitory tight junction
opening and mucoadhesion. Negatively charged mucin
interacts with positively charged chitosan to extend
medication contact for improved absorption. It increases
the half-life of clearance and aids in mucoadhesion.
Chitosan increases membrane permeability for polar
medicines by loosening tight junctions. Studies have
demonstrated its effects on hypoglycemia and allergy
modulation. Chitosan can be used to coat liposomes and
capsules, increasing their bioavailability and residence
time [49].

7.3. Non-Viral Gene Delivery

Compared with poly-L-lysine and PEI, chitosan, which
Mumper proposed as a gene delivery vector, offers
decreased toxicity, lower immunogenicity, and enhanced
cell membrane drug transport. To increase the effectiveness
of transfection, ligands that target cells were added to the
chitosan particles. Galactosylated-chitosan-graft-dextran
DNA complexes were used for liver-targeted drug
administration, and transferrin-chitosan-DNA
nanoparticles were prepared. In HeLa cells, KNOB
conjugation 130 times increased transfection. Alg-chitosan
nanoparticles increased transfection four times more than
chitosan alone while having less cytotoxicity. Algal
addition enhanced the transfection characteristics of
chitosan-based nanoparticle vectors. The best siRNA
delivery vectors are chitosan-TPP nanoparticles with
siRNA trapped inside. Chitosan nanoparticles act as
carriers for both protein molecules and non-viral gene
delivery vectors [50].

7.4. Vaccine Delivery

Chitosan is a vaccine carrier that has undergone
extensive research and has been shown to improve the
mucosal immune response. As a systemic adjuvant, it
activates macrophages after absorption. Chitosan helps
DNA mucosal vaccinations; mice that received an
intranasal flu vaccine had high antibody levels. By
administering chitosan-NPs with an encoded allergen,
protection was offered. Mucosal and systemic immune
responses are strengthened by nanoparticle-associated
vaccination [51].
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7.5. Ocular Drug Delivery

Chitosan's low toxicity allows excellent tolerance in
ophthalmic formulations on rabbit cornea. Chitosan-coated
nanoparticles enhanced corneal penetration and remained
attached for 24 h. Mucoadhesive chitosan-sodium Alg
nanoparticles explored for extended antibiotic delivery
(gatifloxacin) [52].

7.6. Electrodeposition

Chitosan can direct the precise arrangement of
nanoparticles in its solution. On the cathode surface,
fluorescent latex spheres, each measuring 100 nm, were
precisely grouped in the x-y plane. The contribution of
chitosan to this assembly process was proven by controlled
tests. Upon inspection, it was discovered that the chitosan
matrix trapped the nanoparticles along the z-axis. This
chitosan-facilitated electrodeposition provides a way to
create sophisticated structures from nanoscale particles,
which is a crucial requirement to take advantage of the
unique nanoparticle properties [53].

7.7. Brain Targeting

Polysorbate-coated chitosan nanoparticles deliver
medications to the brain via the nasal route, improving
brain targeting effectiveness for CNS diseases. Chitosan
facilitates medication retention by aiding the direct nose-
to-brain route. Chitosan nanoparticles with estradiol show
improved CNS delivery. For example, tetramethylpyrazine
phosphate (TMPP) is absorbed intranasally and is
influenced by the structural characteristics and molecular
weight of chitosan [54].

7.8. Stability Improvement

Chitosan-TPP nanogels have demonstrated efficacy in
human fluids as medication, gene, or protein delivery
methods. By interacting with the gel network, loading
macromolecules or medicines can improve the particle
stability. Complexes made with chitosan and caseinate also
exhibit increased stability. Different characteristics under
various circumstances can provide foods with novel
textures, visual features, and greater stability. These
interactions between biomacromolecules result in the
production of nanoparticles, which are valuable for
encapsulating and regulating the release of medicines,
nutraceuticals, and bioactive substances [55].

7.9. Mucosal Drug Delivery

Chitosan and its derivatives, such as N trimethyl
chitosan, improve secure mucosal transport of hydrophilic
macromolecules, such as peptides and proteins. Chitosans
allow paracellular trafficking by opening tight connections.
Mucus, which is composed of hydrated glycoproteins,
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affects the particle absorption and permeability. Some
mucoadhesion was retained by trimethyl chitosan. Through
mucoadhesion and barrier interactions, chitosan
nanocapsules facilitate salmon calcitonin absorption.
Positively charged chitosan reduces cell resistance and
raises permeability. Occludin, ZO-1, and F-actin
interactions are part of the mechanism of action of chitosan.
The capacity of chitosan for penetration is influenced by
pH. At pH 7.4, quaternized trimethyl chitosan increased
permeability and reduced Caco-2 cell resistance [56].

7.10. Controlled Drug Delivery

Chitosan nanoparticles stand out as an effective
technology in the field of controlled drug delivery.
Through processes such as chemical and ionic crosslinking,
they produce colloidal particles that trap bioactive
molecules. Chitosan can be chemically altered to allow for
the association of bioactive molecules to control drug
release. The potential of chitosan is further increased by its
strong cell membrane affinity, which makes it appropriate
as a coating agent for liposomes [57].

7.11. Tissue Engineering

When used in tissue engineering, chitosan is a favorable
choice. Owing to the specific connections that promote
interaction with lysozymes prevalent in the human body,
chitosan's inherent position as a natural polymer endows it
with special properties. Chitosan and lysozymes have a
natural affinity for one another, which highlights their
suitability and potential for use in various tissue
engineering projects. This relationship also opens new
opportunities for the creation of advanced biomaterials and
therapeutic interventions [58].

7.12. Insulin Delivery

Promising carriers for insulin and polypeptides include
chitosan-dextran  sulfate and  chitosan  alginate
nanoparticles. By improving systemic insulin absorption
through nasal instillation, chitosan nanoparticles lowered
the blood glucose levels in diabetic rats [59]. In sheep,
chitosan powder works best for nasal insulin administration.
Nanoparticles made of chitosan considerably improve
insulin absorption compared to an aqueous chitosan
solution. The quantity and molecular weight of chitosan
have little effect on how insulin reacts [60].

8. Conclusions

This review provides a comprehensive examination of
the preparation, assessment, utilization, and obstacles
associated with the production of ChNPs. Chitosan, a
natural polymer originating from chitin, is extensively
utilized for the generation of nanoparticles owing to its
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non-toxic, biodegradable, environmentally friendly, and
anti-inflammatory characteristics. Various techniques for
synthesizing ChNPs, including ionotropic gelation,
microemulsion, and emulsification solvent diffusion, have
demonstrated notable effectiveness. ChNPs present
benefits, such as encapsulation and precise control over
drug release, particularly in acidic aqueous settings. The
biodegradability, toxicity, and potential of ChNPs for
targeted drug delivery are also discussed. This research
review significantly contributes to the advancement of
sophisticated drug delivery strategies aimed at overcoming
existing limitations.
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