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Abstract: Chitosan is a functional polymer in the pharmaceutical field, including for nanoparticle drug delivery systems. Chitosan-
based nanoparticles are a promising carrier for a wide range of therapeutic agents and can be administered in various routes. Solubility
is the main problem for its production and utilization in large-scale industries. Chitosan modifications have been employed to enhance
its solubility, including chemical modification. Many reviews have reported the chemical modification but have not focused on the
specific characteristics obtained. This review focused on the modification to improve chitosan solubility. Additionally, this review also
focused on the application of chitosan derivatives in nanoparticle drug delivery systems since very few similar reviews have been
reported. The specific method for chitosan derivative-based nanoparticles was also reported and the latest report of chitosan, chitosan
derivative, and chitosan toxicity were also described.
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Introduction

Chitosan, a deacetylated product of chitin, is a functional polymer in the pharmaceutical field due to its biodegradability,
biocompatibility, bioadhesive, and non-toxic properties. Chitosan has been employed in nanoparticle drug delivery
systems. Various drugs can be loaded into chitosan-based nanoparticles including drugs with small molecules, poly-
nucleotides, and proteins.! Chitosan-based nanoparticles for the controlled release of anticancer agents have been
reported.” The small size of the nanoparticle can increase the drug’s capacity to penetrate cells passively or actively.’
Chitosan-mediated membrane tight junction disruption increases the infusion of drugs across the cell.* Chitosan
nanoparticles are a promising carrier for oral delivery macromolecules.” Various drug administration routes using
chitosan nanoparticles as a material have been reported, including oral, pulmonary, transdermal, ocular, and nasal
routes.">* Application of chitosan in nanoparticle drug delivery systems is limited because of its insolubility at neutral
pH. Chitosan is only soluble in acid solution which is not conducive for some drugs.® Solubility is the biggest limitation
of chitosan for the development process and its utilization in the large-scale industry. For nanoparticle production, most
of the nanoparticles prepared by using insoluble polymer involve organic solvent, heat, and high shear force can lead to
the degradation of active substance, otherwise the nanoparticles prepared using soluble polymer offer simple preparation
without organic solvent, heat, and high shear force.” Furthermore, at pH >6, chitosan will precipitate and form
aggregation. Therefore, when administered under neutral or basic physiological pH will form precipitation and lead to
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adverse effects.® Chitosan modifications have been employed to improve its physicochemical and biological properties,
including chemical modification of chitosan. Its reactive amino and hydroxyl groups allow for potential modifications
using grafting techniques and ionic interactions.>’ Many articles have reported the chitosan modification but do not focus
on the specific target characteristics obtained. In this review, the author focuses on the chitosan modification to improve
its solubility. The modification employed to enhance chitosan solubility, includes acylation, alkylation, carboxylation,
quaternization, esterification, and etherification. This report also reviews the application of chitosan derivatives in
nanoparticle production, while very few reviews have been reported before. This review also reports the specific method
used for chitosan derivative-based nanoparticle preparation and the toxicity of chitosan, chitosan derivatives, and
chitosan nanoparticles. Figure 1 displays the structures of chitin and chitosan.

Solubility Improvement of Chitosan
Acylated Chitosan

Acylation of chitosan destroys the hydrogen bonding of chitosan and improves the solubility of chitosan.'® Amine group
of chitosan is more reactive than the primary hydroxyl group; therefore, the acylation reaction is mostly in the amine
group.'! Acylation of chitosan is performed by introducing aromatic acyl or aliphatic group.'* The synthesized reaction
of N-acylated chitosan is shown in Figure 2.

N-acylated chitosan was synthesized by introducing anhydrides to chitosan such as succinic, propionic, lauric,
butyric, stearic, itaconic, and myristic anhydrides. Short-chain acylated chitosan shows higher solubility than long-
chain acylated chitosan.'* Introduction of various cyclic acid anhydrides to chitosan could improve the water solubility of
chitosan in various pH; the initial chitosan only dissolves in pH below 6.5, while the derivatives show a solubility of pH
above 7-8."* Hirano et al prepared N-Fatty acyl chitosan, which is water soluble, by treatment with various anhydrides.'”

N-acylation of chitosan has been applied to nanoparticle delivery systems. It has been reported that N-acylated
chitosan is functionalized with gold nanoparticles for gene therapy. The transfection test showed that the percentage of
transfection of N-acylated chitosan-based nanoparticles was higher compared to chitosan.'® Cho et al showed the
application of N-acylated chitosan nanoparticles as a protein carrier.'” N-acylated chitosan nanoparticles were applied
for the controlled release of Vitamin C. The study showed that controlled release properties of vitamin C at pH 1.3 and
pH 7.4."® N-acetylated chitosan nanoparticles have been employed as a carrier for thymoquinone for kidney protection
after cyclophosphamide chemotherapy. The study showed that the thymoquinone-N-alkylated chitosan nanoparticles
were effectively delivered to the kidney and improved its protective efficacy against cyclophosphamide-induced
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Figure | The chemical structure of chitin and chitosan.

hemorrhagic cystitis.'” N-acylated chitosan was used for the stabilization of glabridin, a polyphenolic compound isolated
from licorice root by forming a chitosan nano-complex. It has been shown that chitosan derivatives can be used as
a stabilizer for polyphenolic compounds and potentially applied to skin-whitening agents.”® N-acylated chitosan interacts
with liposomes effectively, forming Chito-liposome.?' The important characteristics of nanoparticles-based acylated
chitosan are shown in Table 1.

Alkylated Chitosan

The reaction using halogenated alkanes and Schiff’s base are two common methods used to synthesize N-alkylated
chitosan.> The reaction using halogenated alkanes is performed by introducing an alkyl to chitosan. The solubility
depends on the length of the alkyl group introduced to chitosan; the lower the length of the alkyl group, the higher the
solubility of alkylated chitosan.'® Reduction of hydrogen bonding between molecules of chitosan occurs because of the
presence of the alkyl group, thereby increasing water solubility.'* The synthesized reaction of N-alkylated chitosan is
shown in Figure 3.

The Schiff’s base was performed by the Schiff’s base reaction with an aldehyde and the reduction of NaBH,,
resulting in N-alkylated chitosan. The Schiff’s base reaction with methyl iodide results in the quaternization of
chitosan which improves water solubility.”> N-alkylated chitosan was also synthesized using Michael’s addition
reaction of hydroxyethyl acrylate and chitosan to improve the water solubility of chitosan.?* The introduction of
disaccharides to chitosan produces water-soluble N-alkylated chitosan.> Palacio et al found that N-alkylated chitosan
by methyl groups improves water solubility due to the positive charge caused by the quaternary ammonium group and
the derivatives are soluble in a wide range of pH from 3 to 14, whereas non-derivative chitosan is only soluble in acid
pH.?® O-alkylated chitosan was studied by Chen et al who stated that the alkylated chitosan was designed using
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Figure 2 The synthetized reaction of N-acylated chitosan.

a bonding agent (N, N’-carbonyldiimidazole) in an ionic liquid solvent. The solubility test of O-alkylated chitosan
showed solubility improvement in aqueous acetic acid solution (w/w; 0.1%).%”

The application of alkylated chitosan in nano drug delivery systems was reported by Robles et al. The alkylated
chitosan was employed for insulin nanoparticle preparation, and it showed that the insulin loading capacity was higher
compared to that of unmodified chitosan. The release of insulin from nanoparticles was slower, and it has potential for
sustained release application.”® The O-alkyl chitosan was used to prepare an amphiphilic N, N, N-trimethyl-O-alkyl
chitosan derivative (TMAC). TMAC was used to prepare the self-assembled nanoparticle for peptide nucleic acid (PNA)
cellular delivery. The study showed that the cellular uptake of PNA was higher than non-TMAC-based nanoparticles.?’
The N-N-alkyl chitosan was used to prepare nanocomposite films containing silver nanoparticles for antimicrobial
activity.® The important characteristics of nanoparticles-based alkylated chitosan are shown in Table 2.
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Table | The Important Characteristics of Nanoparticle-Based Acylated Chitosan

Acylated Chitosan Molecular Weight (MW)/ Characteristics of Nanoparticles Reference
Nanoparticle Deacetylation Degree (DD) /
Substitution Degree (SD)

Acylated-Chitosan gold NPs MW 50-190 kDa The DNA nanoparticle size is 4.659+1.975 nm and the [16]
DD 70% zeta potential is 40.2 mV

BSA N-acyl modified CSNps MW 5.23x10° | mg/mL Bovine Serum Albumin (BSA) nanoparticles size | [I7]
DD 84.9% ranges from 138-551 nm and drug loading efficiency ranges
SD 74.4-81.6% from 63.2-81.9%

Vitamin C N-acyl Chitosan MW 5.23x10° 500 mg Vitamin C nanoparticles size ranges from 216-288 | [18]

Nanoparticles DD 84.9% nm, zeta potential 5.9+2-8.4 +2.7 mV, and drug loading

efficiency ranges from 55-67%, The drug release is initial
burst release (0.5 h): 10-34% (pH 7.4) 20-40% (at pH 1.3)

and slowly release over the time

Thymogquinone The nanoparticle size is 272.6 nm, zeta potential —20.7 /- | [19]
N-acyl Chitosan 22.6 mV (before/after lyophilization) mV, and drug loading
Nanoparticles efficiency is 70.81%,

Glabirin Chitosan DD 74.42% 1% Glabirin nanoparticles size ranges from 32—42 nm, zeta | [20]
Nanoparticles SD 28.02% potential 32.6-34.2 mV

Carboxylated Chitosan
Carboxylated chitosan is water soluble in neutral and alkaline pH. Carboxylated chitosan is obtained by introducing
carboxylic acid (glyoxylic or chloroalkanoic acid) to the C¢-OH group or C,-NH, group of chitosan.'® Carboxymethylation
is the most common reaction to obtain the carboxylated chitosan. The solubility of carboxylated chitosan in water depends
on the degree of the carboxymethylation of chitosan.'” The types of the obtained carboxymethyl chitosan (CMCS) can be
N-CMCS, O-CMCS, N, O-CMCS and N, N-CMCS.>'*? The reaction of carboxymethylation is shown in Figure 4.
N-carboxymethyl chitosan was prepared using glyoxylic acid and sodium cyanoborohydride.*> Song et al also prepared
N-carboxymethyl chitosan using chloroacetic acid in water (neutral pH), and Na,CO3 was used to control the reaction
system at neutral pH of 7.** The O-carboxymethyl chitosan was described by Mohamed et al using monochloroacetic
acid.** The preparation of O, N-carboxymethyl chitosan was reported by Patale et al. The O, N-carboxymethyl chitosan was
prepared by adding isopropyl alcohol to chitosan. To the resulting slurry, sodium hydroxy solution was then added and
stirred for 45 minutes. The solid monochloroacetic acid was then added to the alkaline slurry and stirred over 20 minutes.*
The preparation of hydrazide-based O-CMCS Schiff’s bases that are soluble in water through in situ reaction was reported
by Manmohan et al.>® The reaction of carboxymethylation is shown in Figure 4.

Several studies have explored the various applications of carboxymethyl chitosan in nanoparticle development. For
instance, carboxymethyl chitosan was utilized in the preparation of carboxymethyl chitosan-ZnO nanoparticles to exhibit

antibacterial activity against S. aureus and E. coli.’” Additionally, O-carboxymethyl chitosan was employed in fabricating
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Figure 3 The synthetized reaction of N-alkylated chitosan.
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Table 2 The Important Characteristics of Nanoparticle-Based Alkylated Chitosan

Alkylated Molecular Weight (MW)/ Characteristics of Nanoparticles Reference
Chitosan Deacetylation Degree (DD)/
Nanoparticle Substitution Degree (SD)
PNA-Chi MW 52 kDa Poly Nucleic Acid (PNA) nanoparticles size 100 nm, [29]
Nanoparticles DD 93.5% zeta potential 64.2-82.5 mV after 96 hours, and drug

SD 10.9-15.2% loading efficiency 75%,
Insulin Chitosan MW 415,000 g/mol Insulin nanoparticles size 120-310 nm, zeta potential [28]
Nanoparticles DD 90% 20-32 mV, and drug loading efficiency |1-27% (pH 5.3)

SD 10% and 25-38%, The drug release is 30-70 (first 3—6 h),

followed by a slower release for few days

O-carboxymethyl chitosan/Fucoidan (O-CMCS-F) nanoparticles for the delivery of curcumin. This study demonstrated that
these nanoparticles enhanced the cellular uptake of curcumin, suggesting their potential application in oral delivery systems
and controlled release of the compound.*® In another study, carboxymethyl chitosan nanoparticles were employed for the
intranasal delivery of carbamazepine, an antiepileptic drug, aiming to enhance drug delivery to the brain. The findings
suggested that these nanoparticles have promise for nasal formulation.>* Feng et al illustrated the use of chitosan/
O-carboxymethyl chitosan in creating doxorubicin hydrochloride nanoparticles for anticancer drug delivery. Their research
indicated that CS/CMCS nanoparticles were both safe and effective for doxorubicin hydrochloride delivery.*® Mahjub et al
reported the preparation of nanoparticles composed of N-trimethyl-O-carboxymethyl chitosan for oral delivery of enox-
aparin, showcasing the potential of TMCMC in this application.*' Ultrasound-assisted techniques were utilized in another
study to create carboxymethyl chitosan-based nanoparticles for the delivery of clindamycin HCL, demonstrating the
effectiveness of this method in controlling the drug release of clindamycin.** Xu et al presented a nanoparticle preparation
method employing negatively charged CMCS and positively charged chitosan quaternary ammonium salt for an immunos-
timulatory effect. Their study suggested that HACC nanoparticles had potential as an immunological adjuvant.** Table 3
outlines the significant characteristics of nanoparticles based on carboxylated chitosan.
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Figure 4 The synthetized reaction of carboxymethylation chitosan.
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Table 3 The Important Characteristics of Nanoparticle-Based Carboxylated Chitosan

Carboxylated Chitosan Molecular Weight (MW)/ Characteristics of Nanoparticles Reference
Nanoparticle Deacetylation Degree (DD)/
Substitution Degree (SD)

Carboxymethyl MW 9 kDa The nanoparticle size is 100 nm [37]
Chitosan-Zno DD 95%
O-Carboxymethyl MW 192 kDa Curcumin nanoparticles size 269.4 nm, zeta potential 30 [38]
Chi/Fucoidan DD 75% mV, and drug loading efficiency 92.8%, The drug release is
Nanoparticles SD 0315 < 10%/ slow control release (pH 2.5); Sustained release

(pH 6) and rapid release (pH 7)
Carbamazepine- SD 0.384 Carbamazepine nanoparticles size 218.76 nm, zeta [39]
Carboxymethyl Chitosan potential —33.43 mV, and drug loading efficiency 35.8%, The
Nanoparticles drug release is >80% after 25 hour
Doxorubicin MW Chitosan 10 kDa, Mw CMCS Doxorubicin Hydrochloride nanoparticles size 248.9-362.7 | [40]
Hydrochloride-Loaded 12 kDa nm, zeta potential —27.6 to —42.2 mV and drug loading
O-Carboxymethyl DD 81% efficiency 65.48-72.87%, The drug release is after 96 h:
Chitosan SD 92% 44.9% (pH|1.2), 38.36% (pH 6.0) and 79.36% (pH 7.0)
N-Trimethyl- DD 98% Heparin nanoparticles size 235 nm, zeta potential 18.6 mV, | [41]
O-Carboxymethyl Chitosan SD 36.8% and drug loading efficiency 76.4%, The drug release is
Nanoparticles 93.6% %1.17 after 600 minutes
Clindamycin HCL-CMCS DD 90% Clindamycin HCL nanoparticles size 318.4 nm and drug [42]
Nanoparticles loading efficiency 34.68%, The drug release is 94.99% *

4.70 after 24 h
HACC-Carboxymethyl MW 1820 kDa Antigen nanoparticles size 162.40-332.8 nm, zeta potential | [43]
Chitosan DD 86% 19.50—40.60 mV, and drug loading efficiency 48.4-70.%,
Nanoparticles

Quaternization
The process of quaternization is a common method used to produce quaternary ammonium chitosan. This reaction typically
occurs in the amine groups present in chitosan.'? There are three primary methods for quaternization: direct quaternary
ammonium substitution, the open-loop reaction of epoxy derivatives, and N-alkylation.'” The enhanced solubility of
quaternary ammonium chitosan is attributed to its positive charge.** The initial synthesis of N, N, N trimethyl chitosan
iodide (TMC), a derivative of quaternary ammonium chitosan, was conducted using formaldehyde, sodium borohydride,
and CH3l. Dormard introduced a method known as the Dormard method, involving N-methyl-2-pyrrolidone, NaOH, and
CHj], to synthesize quaternary ammonium chitosan derivatives.*> Copolymers were obtained by grafting dodecyl aldehyde
(DDA) and 5-bromomethyl trimethylammonium bromide (BPTA) onto chitosan. The resulting amphiphilic chitosan
derivative displayed self-aggregation ability, potentially useful for drug delivery systems.** Fan et al synthesized quaternary
ammonium chitosan using (N-(3-chloro-2-hydroxypropyl) trimethyl ammonium chloride) and sodium hydroxide.*®
Sajomsang et al successfully produced water-soluble 9-quaternary ammonium chitosan containing mono/disaccharides
using a quaternizing agent called N-(3-chloro-2-hydroxypropyl) trimethylammonium chloride.*” The process of synthesiz-
ing quaternary ammonium chitosan is shown in Figure 5.

Trimethyl chitosan (TMC) was used to develop nanoparticles loaded with insulin using poly (y-glutamic acid) as
a complexing agent.***® The hydro-soluble chitosan derivative, the N-(2-hydroxy) propyl 3 trimethyl ammonium
chitosan chloride (HCTT), was used to obtain ribavirin-loaded nanoparticles. The study showed that the HCTT is
promising for a controlled release of hydrophilic drugs.’® The preparation of HCTT nanoparticles loaded with albumin
was also reported.”’ TMC was also used to develop TMC-liposome-doxycycline nanoparticles. The nanoparticles
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Figure 5 The synthetized reaction of quaternary ammonium chitosan.

showed superb inhibition of bacteria and biofilm and could potentially be used for periodontal treatment.’® Huang et al
reported the formation of quaternary ammonium chitosan-fucoidan nanoparticles loaded with epigallocatechin gallate
(EGCQG) for enhancing the permeability and antibacterial activity of EGCG. The study suggested that the nanoparticles
increased the bacterial membrane permeability, thus increasing the antibacterial activity of EGCG.>® The important
characteristics of nanoparticles-based quartered chitosan are shown in Table 4.

Chitosan Esterification
Chitosan esterification involves the reaction of chitosan with carboxylic acid or its derivatives.'® Wang et al documented
the synthesis of water-soluble chitosan ester (p-aminobenzoyl chitosan ester) using Schiff’s base method.* Another
reported method involved creating sulfated chitosan by treating chitosan with a DMF-dichloroacetic acid mixture and
chlorosulfonic acid.> Chitosan acetate was obtained by varying the ratio of acetic acid to chitosan, while chitosan
glutamate was prepared by dissolving chitosan in glutamic acid.’*>” In a patent by Yoon et al, the esterification process
of chitosan was detailed using various carboxylic acids (acetic acid, formic acid, propionic acid, butyric acid, and valeric
acid) along with trifluoroacetic anhydride (TFAA).'"® The schematic representation of the esterification reaction of
chitosan is illustrated in Figure 6.

The application of chitosan ester in nanoparticle drug delivery systems was reported by Bhattari et al. They reported
the preparation of bovine serum protein loaded by chitosan lactate nanoparticle and the resulting nanoparticles were 10
nm in diameter. They also found that the encapsulation was 92% and exhibited a sustained release pattern.’® The study

Table 4 The Important Characteristics of Nanoparticle-Based Quaternized Chitosan

Quaternized Chitosan Molecular Weight (MW)/ Characteristics of Nanoparticles Reference
Nanoparticle Deacetylation Degree (DD)/
Substitution Degree (SD)

TMC/Y-PGA Nanoparticles | MW 60 kDa Insulin nanoparticles size 148.6-522.4 nm, zeta potential [49]
DD 85% 14.2-36.6 mV after 96 hours, and drug loading efficiency
SD 55% 73.8%, The drug release is 80% after 700 minutes
Ribavirin HTCC MW 4x10° Ribavirin nanoparticles size 211 nm, zeta potential 48.6 mV | [50]
Nanoparticles DD 90% after 96 hours, and drug loading efficiency 10.6%, The drug
SD 0.33-0.83% release is >80% after 70 h (DS 32%)
Doxycycline Chitosan Doxycycline was loaded using quaternary ammonium [52]
Nanoparticles chitosan. The nanoparticle size is 176 nm, the zeta potential

is 12.31 mV, and the drug loading efficiency is 62%,

Epigallocatechin Gallate-Chi Epigallocatechin gallate nanoparticles size 208.5 nm, zeta [53]
Fucoidan Nanoparticles potential 27.6 mV after 96 hours, and drug loading efficiency
42.%, The drug release is 60% after 360 minutes (pH 2.0)
and 80% after 360 minutes (pH 6.8)
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Figure 6 The synthetized reaction of esterification chitosan.

also found that CD73-specific siRNA-loaded chitosan lactate nanoparticles have an antitumor effect.®” Bovine serum
albumin-loaded chitosan salt (lactate, aspartate, glutamate, and glycolate) nanoparticles were prepared using the ionic
gelation method and the characteristics of the nanoparticles depended on the types of salt.’” Colonna et al presented the
development of chitosan glutamate nanoparticles for prolidase enzyme delivery to treat autosomal disorders.®’ The
sulfated chitosan-amphotericin B nanoparticles were developed for treating Candida glabrata infections.®* The important
characteristics of nanoparticles-based esterified chitosan are shown in Table 5.

Chitosan Etherification

A chitosan-etherified derivative is obtained by reacting the alkylating agent with chitosan.®> A chitosan-etherified
derivative is water soluble and has good water retention, is nontoxic, bacteriostatic, and has wider applications in the
pharmaceutical field.'®® The methyl chitosan was prepared by reacting dimethyl sulfate and chitosan in an aqueous
alkali/urea solution.®> N, O-carboxymethyl chitosan was derivatized from chitosan by adding NaOH and monochlor-
oacetic acid. The etherification process was conducted in temperatures of 40-70°C.%° Cationic chitosan derivatives with
long-chain alkyl (HDCC) were synthesized by using 2 kinds of etherifying agents, which are (2,3-epoxypropoxy)
dodecyl dimethyl ammonium chloride and glycidyl trimethylammonium chloride.®’ Yang et al found that the commonly
used etherifying agents to produce etherified chitosan are 3-chloro-2-hydroxypropyl trimethylammonium chloride (CTA),
2.3,-epoxypropyl trimethyl ammonium chloride (ETA), and carboxyethyl groups.®® Hydroxy butyl chitosan (HBC) is

Table 5 The Important Characteristics of Nanoparticle-Based Esterified Chitosan

Esterified Chitosan Molecular Weight (MW)/ Characteristics of Nanoparticles Reference
Nanoparticle Deacetylation Degree (DD)/
Substitution Degree (SD)

BSP-Chi MW 190 kDa Bovine Serum Protein (BSP) nanoparticles size 10 nm and drug | [59]
Lactate DD 88% loading efficiency 92%, The drug release is 15% over 4 weeks
Nanoparticles SD 13.2%

Prolidase-Chi MW 300 kDa Prolidase nanoparticles size 365.5 nm, zeta potential 17.94 [61]
Nanoparticles DD 85% mV, and drug loading efficiency 42.6%, The drug release is

20% after | h, massive release after 6-8 h, and sustained

release upon 48 h

Amphotericin B Chitosan Amphotericin B nanoparticles size 310 nm, zeta potential [62]
Nanoparticles —41.5 mV, and drug loading efficiency 89.%, The drug release

is sustained release 96% after 72 hour
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Figure 7 The synthetized reaction of etherification chitosan. chitosan (black line) and epoxide (red line.

water-soluble etherified chitosan, which is produced via etherification by reacting hydroxy butyl group and chitosan.®”
The hydroxy-propyl chitosan was prepared by reacting chitosan and propylene epoxide under alkali conditions. The
etherified chitosan obtained has good solubility in water.”” The following (Figure 7) is a figure of the interaction of
chitosan (Black Line) with epoxide (Red Image) which can produce an ether and secondary amine (Black and Red Line).

The application of etherified chitosan in nanoparticle drug delivery systems has garnered substantial attention due to
its characteristics such as water solubility, biodegradability, and biocompatibility. Hydroxy butyl chitosan application in
nanoparticle drug delivery system was reported by Sun et al, in which cetirizine-loaded deoxycholate-hydroxy butyl
chitosan nanoparticles (CTZ: CDHBCs-NP) were synthesized as nasal nano vehicles to treat allergic rhinitis. The CTZ:
CDHBCs-NP possesses high loading capacity, and drug release behavior might be potential as an anti-allergic nasal nano
vehicle.”" Lu et al synthetized hydroxy-propyl chitosan nanoparticles using the ionic gelation method. The obtained
nanoparticles were 40 nm in diameter, and the zeta potential was +47.7 mV.’*> The important characteristics of
nanoparticles-based etherified chitosan are shown in Table 6.

Chitosan Derivatives Nanoparticle Preparation
The process of preparing chitosan derivative nanoparticles commonly employs multiple techniques, including ionotropic
gelation, gelation from Polyelectrolyte Complex (PEC) formation, Polymer-Drug Complexes, and self-assembly.

lonotropic Gelation

The ionotropic gelation technique was initially introduced by Calvo et al in 1997. This method is capable of producing
nanoparticles through electrostatic interactions between oppositely charged polymers under specific mechanical stirring
conditions.”® Nanoparticles are defined as materials with sizes typically ranging from 1 to 100 nm. However, the
nanoparticles generated using the ionic gelation method typically exhibit sizes larger than 100 nm.”* Several quaternized
chitosans with stable, pH-independent positive charges have been used through this method, with the most well-known
being N-trimethyl chitosan (TMC).

Gonzalez et al conducted the preparation of gold nanoparticles with chitosan, N-acylated chitosan, and chitosan
oligosaccharide as DNA carriers. Chitosan (low molecular weight) acylation was performed by following the method
reported by Remant Bahadur et al with slight modifications. The colloidal solution demonstrated excellent stability,
which indicates the practical application of chitosan as a stabilizer. Additionally, chitosan oligosaccharide served as both

Table 6 The Important Characteristics of Nanoparticle-Based Etherified Chitosan

Esterified Chitosan Molecular Weight (MW)/ Characteristics of Nanoparticles Reference
NPs Deacetylation Degree (DD)/
Substitution Degree (SD)

Cetirizine Chitosan MW 700 kDa Cetirizine nanoparticles size 129 nm, zeta [71]
NPs DD 85% potential 4 mV, loading efficiency 90%, and drug
release is 60-76% in 0—12 h at pH 5.5
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a reducing agent and stabilizer, while the amino groups in chitosan enhanced its affinity with plasmid DNA by
introducing positive charges. The size distributions of the produced gold nanoparticles ranged from 3 to 15 nm.”

However, while many nanoparticle synthesis methods yield a narrow particle size distribution, the ionotropic gelation
method may not consistently achieve this. The polydispersity index (PDI) often exceeds 0.1, sometimes reaching up to
0.5. Consequently, the heterogeneity in particle size not only affects drug loading but can also restrict the interaction of
particles with biological structures. Additionally, maintaining a constant speed in the dropping solution and controlled
stirring are essential requirements for this method.”®

Another study by Sayin et al developed Mono-N-carboxymethyl chitosan (MCC) and N-trimethyl chitosan (TMC)
nanoparticles for non-invasive vaccine delivery. The nanoparticulate systems were prepared by using differently charged
chitosan derivatives, N-trimethyl chitosan (TMC, polycationic), and mono-N-carboxymethyl chitosan (MCC, polyam-
pholytic) for mucosal immunization. Nanoparticles were prepared using the ionic gelation method and loaded with
tetanus toxoid (TT). Nanoparticles with high loading efficacy (>90% m/m) and particle size within the range of 40-400
nm with a negative surface charge for MCC and positive surface charge for TMC and chitosan were obtained. Both
dispersion and nanoparticle systems formulated with chitosan derivatives were discovered to augment mucosal immune
responses. The findings highlighted that the surface charge and particle size of carriers produced with chitosan play
a crucial role in achieving an improved immune response. MCC elicited comparatively diminished immunological
responses for TT in comparison to TMC and chitosan, however, it yielded the smallest nanoparticles with a significantly
narrower size distribution and a high loading capacity. MCC nanoparticles have the desired properties necessary for
serving as effective delivery vehicles for a wide variety of medicines, as well as for gene/protein delivery.”’

Gelation from Polyelectrolyte Complex
This method involved ionotropic gelation, just as described in the preceding section, only in the present case the crosslinker
was a polyanionic polymer with charges opposite to those of the chitosan derivative, with which it formed a PEC.

In a recent study, Mahjub et al conducted the preparation and optimization of N-trimethyl-O-carboxymethyl chitosan
nanoparticles for the delivery of low-molecular-weight heparin. Nanoparticles were synthesized by the polyelectrolyte com-
plexation technique. The optimization of nanoparticles was conducted using the Box-Behnken response surface experimental
design methodology. The nanoparticles were characterized by their size, zeta potential, poly-dispersity index, entrapment
efficiency, and loading efficiency, which were measured as 235 +£24.3 nm, +18.6 £2.57mV, 0.230+0.03, 76.4 + 5.43%, and
12.6 = 1.37%, respectively. Examination of the morphology indicated the presence of individual spherical nanoparticles without
any indication of clumping together. The in vitro release studies revealed that 93.6 + 1.17% of enoxaparin was released from the
nanoparticles after 600 minutes of incubation. The data gained has demonstrated that nanoparticles derived from trimethyl
carboxymethy] chitosan are a promising option for the oral administration of enoxaparin.*!

Chen et al examine the formation and properties of a novel polyelectrolyte complex of a drug carrier system for the
delivery of doxorubicin (DOX), which consists of hyaluronic acid (HA) coated hydrophobically modified chitosan
(CS). Various batches of different polyelectrolyte complexes by mixing deoxycholic acid (DCA) and chitosan (CS) in
different amounts, namely 0.1, 0.2, and 0.3. These complexes were named CS-DCA10, CS-DCA20, and CS-DCA30,
respectively. The particle sizes of the manufactured polyelectrolyte complex nanoparticles (PCNs) were determined to be
within the range of 280-310 nm, which is bigger compared to the particle sizes of uncoated nanoparticles, which are
approximately 150 nm. The PCNs have significant zeta potentials at approximately 26 mV, which contribute to their
stability. No alterations in size were observed. The incorporation of DOX into the PCNs was achieved with high
encapsulation efficiency (56%), which resulted in a sustained release profile without any sudden burst effect when
exposed to PBS (pH 7.4) at 37°C.”’

Polymer Drug-Complexes

Trapani et al developed a nanoparticulate system using Cyclodextrin (CD)-Chitosan (CS) with sulphobutylether-B-CD
(SBE-B-CD). This system has an inner core rich in CD and an outer layer rich in CS, which can encapsulate both
hydrophilic and hydrophobic medicines. Subsequently, they investigated the administration of the glutathione (GSH)
peptide through oral means using this nanoparticulate system. They then compared the results with nanoparticles made
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solely of CS or with a combination of CS and a-CD nanoparticles. The X-ray photoelectron spectroscopy investigation
revealed the formation of a stable interaction between the peptide and SBE-B-CD at the inner core of the nanoparticles.
However, it is noteworthy that this complexation exhibited exceptional stability, as it did not exhibit any release of GSH
under conditions that simulate stomach activity.”®

Maestrelli et al created a novel drug nanocarrier composed of chitosan and cyclodextrin nanoparticles. The interaction
with cyclodextrin allows for the dissolution and safeguarding of delicate medicines, while their incorporation into the
chitosan framework is anticipated to enhance their uptake. The medications were complexed with cyclodextrin, which
promoted their entrapment into the nanoparticles. This resulted in a significant increase in the final drug loading of the
nanoparticles, up to 4 times for triclosan and 10 times for furosemide. The findings of this study indicate that the drug-
cyclodextrin complex was effectively preserved within the nanoparticulate structure. An initial rapid release phase and
a subsequent delayed release phase defined the release profile of these nanoparticles in vitro.”’

Self-Assembly

Hecq et al developed chitosan derivative nanoparticles containing insulin for oral administration. Chitosan derivative-
based nanoparticles containing insulin were created through self-assembly, utilizing electrostatic interactions between the
negatively charged medication and the positively charged polymers. The amine groups in chitosan derivatives were
substituted to various extents (33, 52, or 99%) by 2-hydroxypropyl-3 trimethyl ammonium groups. This modification
resulted in the polymers being persistently positively charged, regardless of the pH. The stability of the nanoparticles is
vital for this sophisticated drug delivery system due to the varying pH levels in the gastrointestinal tract and the
significance of electrostatic interactions. Mucoadhesion is further enhanced by the presence of permanent positive
charges. Conversely, the electric charges of chitosan molecules are contingent upon the pH level of the surrounding
medium. As a result of incorporating quaternary ammonium groups, the solubility of the chitosan derivatives was
enhanced. To further strengthen the nanoparticles and ensure their stability, sodium tripolyphosphate (TPP) was
introduced into the systems to generate additional cross-links. The presence of TPP affected both the breakdown of
the polymer matrix and the subsequent release kinetics. The drug release processes were discovered to be more intricate
than mere diffusion under stable conditions, potentially involving ionic interactions and matrix disintegration as well.
The most favorable formulation utilized a chitosan derivative with a substitution degree of 33%. This formulation was
characterized by a Z-average of 142 + 10 nm, a zeta potential of 29 + 1 mV, and an encapsulation efficacy of 52 + 3%.
Notably, the release of insulin was sustained for over 210 minutes.*

Yan et al developed a novel type of Tat tagged and folate-modified N-succinyl-chitosan (Tat-Suc-FA) self-assembly
nanoparticles, to provide a new vector for tumor gene therapy. The nanoparticles were synthesized by distributing
a certain quantity of Tat-Suc-FA copolymer into a 0.1% acetic acid solution (V/V) and then subjecting it to sonication
using a probe-type sonicator (Sigma Ultrasonic Processor, Sonix-600) with a power output of 12W. The sonication was
prolonged for 2 minutes. The self-aggregated solution was filtered using a membrane with a pore size of 0.22 pm and
then kept at room temperature. The study effectively synthesized and characterized new Tat-Suc-FA copolymers. Tat-Suc
-FA polymers effectively formed condensed complexes with plasmid DNA, resulting in positively charged complexes
with widths ranging from 54 to 106 nm. The cytotoxicity of Tat-Suc-FA polymers in K562 cells was much decreased
compared to that of chitosan.®!

Potential Toxicity of Chitosan Nanoparticles

Chitosan, a natural polymer, is known for its biodegradability, biocompatibility, cost-effectiveness, and nontoxic proper-
ties. Its widespread use is notable in various countries including Japan, Italy, and Finland. In the United States, chitosan
is classified as Generally Recognized as Safe (GRAS) by the Food and Drug Administration (FDA).** Although the FDA
has approved chitosan polymer for use in various healthcare products such as hemostatic dressings, contact lens coatings,
and bandages, there are limited reports on its recognition and application as a drug delivery system.®® Several studies
have reported the toxicity of chitosan, chitosan derivatives, and chitosan nanoparticles, but the toxicity of chitosan
nanoparticle derivatives has not been widely reported. The toxicity of chitosan nanoparticles is generally influenced by
the characteristics of the particles and cell lines
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Particles Characteristic

The toxicity of chitosan nanoparticles, influenced by their characteristic, can be observed in vivo using various test
animals such as rats, rabbits, dogs, and zebrafish. The selection of zebrafish is considered more advantageous because it
does not require expensive costs. Additionally, zebrafish shares genomic similarities with humans, making it a test animal
for assessing chitosan toxicity. Furthermore, zebrafish has a chorion with pore sizes ranging from 0.5 to 0.7 um, allowing
chitosan nanoparticles to enter through passive diffusion.®

Modification of chitosan in the form of nanoparticles can influence changes in the distribution profile and pharma-
cokinetics of the nanoparticles. This is influenced by the size and surface properties, where the positive charge of
chitosan affects surface interactions that have implications on the kinetic profile of cellular absorption and chitosan
nanoparticle toxicity.*> This positive charge also induces chitosan aggregation and red blood cell aggregation, leading to
coagulation. This aggregation is considered toxic because when platelet aggregation occurs, it can result in thrombus
formation and trigger thrombosis.*® Furthermore, Svirshchevskaya et al reported that chitosan and positively charged
chitosan derivatives (Hydrophobizated and Quaternized Chitosan), when injected into a mouse at high concentrations
(100 mg/Kg), caused embolism in small blood vessels and triggered death within 5-10 minutes post-injection.
Additionally, chitosan and hydrophobic derivatives of chitosan were localized on the cell membrane. Quaternized
chitosan was localized and found inside the cells, while the negatively charged chitosan derivative (N-Succinyl
Chitosan) penetrated rapidly into the cells and did not activate platelet aggregation, making it assessed as safer, especially
for Human Embryonic Kidney (HEK293) cells.®’

However, this toxic property is influenced by several factors, including size, dosage, degree of deacetylation, and
molecular weight. Hu et al reported that chitosan with a moderate degree of deacetylation (68.36%) had a faster
coagulation time compared to chitosan with high deacetylation (92.21%) and low deacetylation (52.68%). The amine
groups in chitosan in the right amount trigger stronger interactions with blood cells, while a higher degree of deacetyla-
tion is associated with more amine and hydroxyl groups in chitosan molecules, leading to the formation of a crystalline
structure due to hydrogen bonding, thereby reducing the potential interaction between chitosan and blood cells.®

Modification of chitosan with a medium molecular weight can enhance the immune response in zebrafish but reduces
the survival and swimming ability of embryos.®” Additionally, the dissolution of chitosan in acidic HCI and ddH,O media
with higher pH shows differences in toxicity profiles. In acidic media, no significant toxicity is observed, while exposure
to ddH,O media for 0.5 hours on zebrafish larvae causes damage to the yolk, considered an indicator of toxicity.”® In an
in vivo study by Hu et al using zebrafish, it was observed that particles sized 340 nm at concentrations of 20 mg/L and
40 mg/L led to a considerable reduction in hatching, whereas concentrations of 40 mg/L of nanoparticles (340 nm)
resulted in significant mortality of zebrafish embryos. Exposure to 200 nm particles at concentrations of 30 mg/L and
40 mg/L resulted in similar effects.”’ Another study by Wang et al showed contrasting results, where chitosan
concentrations of 200 mg/L, even with smaller particles of 84-86 nm, did not cause significant mortality.”
Additionally, in a study by Shaleh et al, chitosan nanoparticles ranging from 100 to 150 nm at concentrations of
200 mg/L demonstrated no toxic effects in zebrafish embryos, although higher concentrations led to a decrease in liver

size, suggesting the potential for toxicity.”?

Cell Lines

The observation of chitosan toxicity on tumor cells also indicates that chitosan exhibits lower toxicity compared to chitosan
nanoparticles with a size of 40 nm, with an IC50 value of 15 pg/mL being more toxic than chitosan derivatives (20-2500 pg/
mL).”* Additionally, this toxicity can be measured using mitochondrial dehydrogenase enzyme activity in cellular observa-
tions, particularly in Bipotential Human Liver (BHAL) cells. It is known that chitosan and chitosan nanoparticles at low
concentrations, specifically 0.005% (w/v), show no signs of toxicity after 24 hours of incubation at physiological pH 6.0.
However, at higher concentrations of 0.5%, with a 24-hour incubation period at pH 6.0, chitosan is found to have significantly
higher enzyme activity compared to chitosan nanoparticles. This illustrates that the incubation time also influences chitosan

toxicity, while the toxicity of chitosan nanoparticles can be influenced by the concentration of exposure.”
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Toxicity testing of chitosan derivative in the form of pyridoxal chitosan nanoparticles did not show any potential toxicity in
the MTT assay. This toxicity assessment was conducted by examining the cell viability percentage of the best nanoparticle
formula at concentrations of 10, 300, and 3000 ppm, resulting in viability percentages of 98, 93, and 64%, respectively.”®

Conclusion

Chitosan derivatives exhibit significant potential in the development of nanoparticle drug delivery systems. Future
investigations should focus on the standardization of physicochemical properties of chitosan derivatives such as
molecular weight, deacetylation degree, degree of substitution, and solubility since the various results from many studies
reported. The derivative chitosan nanoparticles preparation using various methods to obtain the optimum method to
produce chitosan derivative nanoparticles regarding the alteration of physicochemical properties of chitosan derivatives
compared to native chitosan needs to be explored. The application of chitosan derivative-based nanoparticles in various
fields needs to be conducted. The toxicity of chitosan derivative-based nanoparticles also needs to be explored. The
pharmacokinetic profile which is related to the pharmacology effect of chitosan derivative-based nanoparticles and
clinical trial should be conducted. The stability of chitosan-based nanoparticles needs to be considered due to the issue of
agglomeration and environmental factors. By addressing these limitations through future research, chitosan derivative-
based nanoparticles will gain more attention and more prospects to be applied in the pharmaceutical field.
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