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ABSTRACT

Gene therapy is a very challenging field, especially with new emerging genetic disorders. Chitosan (CS) has been of interest in
the world of gene therapy especially as researchers are gravitating towards non-viral vectors due to the problems caused by
viral vectors. There has been a growing amount of effort to utilize chitosan and its derivatives in delivery of therapeutic agents,
due to chitosan’s flexibility, biocompatibility, and biodegradability. Nevertheless, there are still issues regarding solubility,
cellular uptake of cargos being transported in vitro or in vivo, increased cytotoxicity levels, as well as many other things that
prevent chitosan from being an efficient drug delivery agent. This review will focus on the applications of chitosan and
chitosan-based carriers such as tissue engineering, drug delivery, gene delivery, and wound healing.
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INTRODUCTION
Biological characteristics of CS and its derivatives

Since its discovery in mid-1800s, chitosan has been used in
tissue regeneration, wound healing, cancer therapy, gene
therapy, drug delivery, among many other things [1-7]. A
table summarizing many recent applications of chitosan and
its derivatives is included here (Table 1). Chitosan can be
derived from chitin housed on the exoskeleton of insects and
crustaceans, such as lobsters, crabs, and shrimp [1,2,7].
Conversion of chitin to CS is shown in Figure 1. The degree
of acetylation in chitin is around 90%, while chitosan is a fully
or partially N-deacetylated derivative with a typical degree of
deacetylation of more than 65%. Chitosan is comprised of
glucosamine and N-acetylated glucosamine units that are
linked through f (1-4) glycosidic linkages (Figure 1) [8].
The glucosamine of chitosan has primary amine groups with
pKa of 6.5, which allows the biopolymer to only be soluble in
acidic solution but not neutral or basic solution [5,9]. The
activity of chitosan is influenced by Degree of Acetylation
(DA) due to charge change upon deacetylation. It was
reported that chitosan with 25% DA had a lower antibacterial
activity than CS with 5% DA [1,10]. Low acetylation degree
constituted for higher positive charges per molecule of
chitosan, which is important for stability of the polyplex
formed when the polymer complexes with a gene or a drug

[5].
Modification of OH and NH: functional groups on CS

Chemical modification of CS can be used to attain derivatives
with preferred properties, and these modifications have

proven to be safe for gene therapy usage. For instance,
chitosan-DNA complexes integrated into THP-1 leukemia
cells did not stimulate the release of pro-inflammatory
cytokines [11]. Chitosan has two types of reactive groups that
can be modified: 1) free amino groups on deacetylated units
and 2) hydroxyl groups on acetylated or deacetylated units
such as the -OH groups on C-3 and C-6 carbons (Figure 1)
[1,2,12]. Chitosan's cationic property from the amino groups
is a main advantage, especially in dealing with negative
phospholipids or nucleic acids. These NH, groups can be
protonated to NH3" in an acidic condition and as a result, these
protonated NH3* groups are able to form stable polymer
complexes with anionic counterparts such as nucleic acids
[13,14]. Along with these primary amino functional groups,
chitosan’s OH groups offer many biological applications via
their chemical alteration [1,15,16]. The N-alkylation reaction
occurs on the C2-NH; group because this group is a stronger
nucleophile than the OH group, and thus O-alkylation, which
could occur at C3-OH or C6-OH, is less likely to occur. N-
alkylated chitosan derivatives have shown antibacterial and
coagulation properties and have thus been used to prepare
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medical supplies such as medical gauze. N-alkylated
derivatives have also served as a surfactant for water
purification engineering as well [5] Although O-alkylation is
less likely to occur, the hydroxyl group can be carboxylated
by reacting with glyoxylic acid or chloroalkanoic acid. The
carboxylation reaction, which increases the solubility of
chitosan in water, occurs at the C6-OH group, allowing it to
be dissolve in a pH greater than 7. Whereas carboxylation at
the C3-OH group is more difficult due to steric hinderance
[5,14].
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Figure 1. The conversion from chitin to chitosan through
chitin deacethylation [1]. Chitin is a polysaccharide made up
of glucose, whereas chitosan is a polysaccharide made up of
N-acetyl-glucosamine and D-glucosamine functional groups.
CS has three different functional groups, two OH groups and
one NH; group that can be modified for many biological
applications.

Applications of chitosan

Chitosan has been incorporated in the production of bandages
due to their anti-bacterial properties, as well as enzyme
immobilization on solid surfaces and surface coating of
enzymes, which allows for reusability, thus promoting cost-
effectiveness [17,18]. Other applications of chitosan include
food preservation, as shown in a study that it was used for the
promotion of crop growth such as radishes. It has also been
used to minimize water loss in field crops, enhance enzyme
activity in peanuts, and to prolong the storage of fruits by
stimulating cellular defense compounds [1]. However, there
have been rare incidences by which chitosan produced
undesirable characteristics. For example, a study that was
investigating the effects of chitosan-based gene therapy on
amniotic fluid (in vitro) reported that while CS protected the
plasmid DNA from degradation, it also formed aggregates in
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the amniotic fluid, thus meaning that CS can pose a threat
during fetal development [19].

Uses of chitosan

Chitosan has been incorporated in the production of bandages
due to their anti-bacterial properties, as well as enzyme
immobilization on solid surfaces and surface coating of
enzymes, which allows for reusability thus promoting cost-
effectiveness [17,18]. Other applications of chitosan include
food preservation, as shown in a study that it was used for the
promotion of crop growth such as radishes. It has also been
used to minimize water loss in field crops, enhance enzyme
activity in peanuts, and to prolong the storage of fruits by
stimulating cellular defense compounds [1]. In its natural
state, chitosan has some shortcomings such as low
transfection efficiency and low solubility in physiological pH.
The polymer can be chemically modified to attain derivatives
with preferred properties, and this modification has been
proven to be safe for gene therapy usage. When conjugated to
DNA and integrated into THP-1 leukemia cells, the chitosan-
DNA complex did not stimulate the release of pro-
inflammatory cytokines. In a study investigating the effects of
chitosan-based gene therapy on amniotic fluid (in vitro), it
protected the plasmid DNA from degradation; although
chitosan was aggregated in the amniotic fluid [19]. As these
CS nanoparticles are internalized via endocytosis, they can
deliver drugs into cells without endangering these
biologically active cargos [17, 20-22]. N/P ratio is the ratio of
positively charged amino group on chitosan to negatively
charged phosphate group on nucleic acids [2]. High N/P ratio
leads to strongly formed polyplex through electrostatic
interaction, and if the bond between the DNA and the polymer
is too strong, this can prevent the nucleic acid from being
released once it arrives at its site of action [2,23].

Gene delivery using chitosan and its derivatives

Gene therapy is the delivery of genes into specific cells for
therapeutic benefit and can offer possible lasting treatment for
cancer. A challenge for gene therapy is to design a carrier that
is effective in protecting the gene of interest from nucleases
as well as efficient transfer to targeted cells. Viruses are the
most common vectors for gene therapy, although gene
therapy using viral vectors is associated with immunogenicity
as well as rare cases of disease [24]. However, Due to its
versatility, biodegradability, and safety, chitosan has recently
been gaining interest as a potential non-viral vector in the field
of gene therapy. Additionally, stability in a biological
environment is a quality all ideal DNA/RNA delivery vectors
should have. How does chitosan protect genetic material from
being degraded by nucleases? Through the CS-DNA polyplex
formation, the positively charged amine groups on chitosan
interact with the negatively charged groups on DNA/RNA in
order to form a stable CS-DNA/RNA polymer complex
[2,25,26].
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In 1995, the first ever non-viral gene delivery experiment
using chitosan was performed using N, N, N-trimethyl
chitosan polymers (TMC) [27]. TMC is an ammonium
quaternized chitosan derivative, first synthesized in 1986, and
has been proven to have mucoadhesive properties. This
derivative is synthesized by addition of trimethyl group to
chitosan’s NH, group. The process of synthesizing TMC
involves trimethylation of the primary amines of chitosan in
alkaline solution. Kean et al. measured the transfection
efficiency of pGL3 luciferase plasmid-DNA using TMC and
TMOs (trimethylated chitosan oligosaccharides) at differing
degrees of trimethylation (DTM) in MCF-7 breast cancer and
COS-7 monkey kidney fibroblast-like cell lines. The authors
found that the transfection was cell dependent. Moreover,
TMOs had the higher transfection efficiencies in both cell
lines than most of the TMC derivatives. However, in the
MCEF-7 cell line, 93% TMC which was the TMC derivative
with the greatest degree of trimethylation (93% DTM) had the
greatest transfection efficiency.

Nevertheless, TMC showed higher cytotoxicity compared to
the unmodified chitosan. Usually, caveats to TMC are related
to its molecular weight (MW); a MW of 400 kDa displayed
high cytotoxicity, while 5 and 25 kDa TMC exhibited little to
no toxicity [1,45,46]. Research has shown that the
cytotoxicity is due to the positive charge of TMC which might
be interacting with the negatively charge cell membrane
which could lead to cell membrane damage [1,28,29].

Another category of chitosan derivative used for gene
delivery are thiolated chitosans. Due to their cell permeability
and mucoadhesive properties, these types of derivatives show
enhanced polymer-DNA complex stability and excellent gene
delivery both in vivo and in vitro [30]. During reducing
conditions, breakage of the disulfide bonds lead to
dissociation of the DNA being delivered, whereas during
oxidation, the disulfide bond formation in the thiolated
chitosan is favored, which leads to tight binding of DNA and
a stable solid polyplex. Thiolated chitosan derivatives were
discovered in the early 2000s, especially novel derivative
chitosan-TBA in which chitosan is conjugated to 4-
thiobutylamidine. A group performed pDNA transfection in
the Caco-2 cell line and found that when treated with a
nuclease, the pDNA was protected by chitosan-TBA, and the
chitosan-TBA-pDNA complex displayed stability. In vitro
hemolysis experiments were performed using chitosan-TBA
to evaluate its safety on red blood cells. The derivative
displayed a low hemolytic effect on the red blood cells which
might have been attributed to the change of the primary amine
moieties into secondary amine groups after thiol modification
with TBA [1,30].

There are very few reports on the cellular uptake mechanisms
of CS-DNA/RNA polyplexes. Hashimoto et al. synthesized
mannosylated chitosan (Man-C) with 5% and 21% degree of
substitutions for use as gene carriers into mouse peritoneal
macrophages and COS7 cells, in order to understand the
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cellular uptake of CS-pDNA polyplex. The authors
discovered that transfection with both 5% and 21% Man-C
were better than unmodified chitosan in the macrophages, but
in the COS7 cells, the carrier efficiency was greater with the
5% Man-C than 21% Man-C derivative [26,31]. The Man-C
derivative with 21% substitution might have been causing
extracellular damage due to 21% Man-C being more
hydrophilic than the unmodified and 5% chitosans.

Additionally, a factor that affects gene therapy is the CS-
nucleic acid N/P ratio. N/P ratio is the ratio of positively
charged amino group on chitosan to negatively charged
phosphate groups on nucleic acids [2]. N/P ratio influences
the stability of the polyplex formation, the transfection
efficiency, and polymer-cell interactions [2]. A study
compared transfection efficiencies of 6-amino-6-deoxy-
chitosan (6ACT) at N/P ratio of 2.5 and chitosan-DNA at N/P
ratio of 5 and found that the 6ACT derivative was the better
gene carrier. 6ACT-DNA and CS-DNA complexes were also
compared to polyethyleneimine (PEI) which had a higher N/P
ratio, and the results showed that PEI had better transfection
efficiencies than both complexes [32]. High N/P ratio can lead
to strongly formed polyplex through electrostatic interactions.
However, if the bond between the DNA and the polymer is
too strong, this can prevent the nucleic acid from being
released once it arrives at its site of action, thus hindering the
release of the gene from the polymer complex [2,23].
Additionally, an extremely low N/P ratio can cause formation
of aggregates which affect cell internalization, thus resulting
in poor transfection [26].

Drug delivery using CS and its derivatives

Although chitosan has anticoagulant properties and was
involved in wound healing, it wasn’t until the late 1990s that
the chitosan was used as a drug delivery carrier. This is mainly
due to chitosan’s solubility issues, which prevents it from
delivering the drug to biological systems [22]. Moreover, due
to unmodified chitosan’s pK, of 6.5 it is not a stable drug
carrier. Drug delivery agents must be stable at physiological
pH. In order to overcome this problem, there have been many
attempts to modify chitosan by derivatizing the OH or NH»
groups on the polymer. Common types of modifications to
make chitosan more biocompatible include quaternization,
sulfonation, carboxymethylation, N- and O-
hydroxyalkylation  [13]. Examples of hydrophilic
modifications to chitosan listed in this review include
quaternization using ammonium groups and N-modification
with the succinyl group. One study demonstrated the usage of
N-(2-hydroxyl) propyl-3-trimethyl ammonium chitosan
chloride (HTCC) as a drug delivery agent for ribavirin, and
the results showed an initial burst release of the drug at
increasing degree of substitution (Table 1) [3,5,15,16]. As
modified CS derivatives are internalized via endocytosis, they
are able to deliver therapeutic drugs into cells without
endangering these biologically active cargos [17,20-22].
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Modified chitosans such as TMC show promising results in
the intranasal administration of certain drugs and proteins,
due to their cationic properties that allow for complexation
with the drug of interest. Intranasal administration allows for
direct access to the brain, which has many advantages such as
rapid onset of action and fewer adverse effects [33]. Turabee
et al. developed a hydrogel made from pluronic F127 (PF127)
in order to treat the malignant glioblastoma cell line U87MG.
They discovered that after addition of TMC to the PF127
hydrogel, delivery and release of the anticancer drug
docetaxel (DTX) was much better compared DTX alone or
DTX encapsulated with PF127, in vitro. The authors using a
murine model were able to show that PF127-TMC hydrogel
was capable of tumor suppression, in vivo, with the delivery
of DTX [13,34].

Moreover, in 1994, a patent was requested to use N-succinyl-
chitosan or Suc-Chi (originally developed in the late 1990s
for wound dressing) as a treatment for arthritis. Suc-Chi
exhibits low toxicity, is biocompatible, and can be retained
for a long period of time in the body. It has been used as a
drug carrier and when conjugated with the chemotherapeutic
drug mitomycin C, it presented antitumor activity against
many tumors (Table 1) [1,35]. Furthermore, chitosan loaded
with dopamine was proven to minimize cytotoxicity and used
to facilitate transport the dopamine across the blood brain
barrier for Parkinson’s disease [26,36,37].

However, certain types of cargo such as hydrophobic drugs
are problematic due to their hydrophobic nature. In addition,
due to chitosan’s insolubility in hydrophobic solvents, its
ability to transport hydrophobic drugs is restricted. In order
to resolve this limitation, researchers began chemically
modifying chitosan with hydrophobic groups such as
pyridine, among many other groups, to improve the
‘encapsulation efficiency’ of the hydrophobic cargo [13,38].
Examples of hydrophobic modifications include palmitoyl
units and the carboxymethyl group. When chitosan was
substituted with palmitoyl units (degree of substitution 40-
50%), its best drug release characteristics were displayed,
which proved that palmitoyl chitosan could be used in
subdermal and oral drug delivery applications (Table 1) [39-
41]. N, O-carboxymethyl chitosan (N, O-CMC)
nanoparticles, in a study performed in 2010, demonstrated
that a derivative of chitosan could be used to carry
hydrophobic chemotherapeutic drugs such curcumin (Table
1) [1,42,43]. Nevertheless, hydrophobic modification of
chitosan polymer has low reproducibility, proving that
chitosan is not as successful in delivering hydrophobic drugs
[44].

Chitosan-coated materials and complexes

Chitosan and its derivatives have also been used as
encapsulating agents for proteins such as bovine serum
albumin, hemoglobin, and dextran due to their high affinity
for the cell membrane [40]. In addition, chitosan was used to
coat PLGA (poly (lactic-co-glycolic acid)) microparticles that
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contain tetanus toxoid, improving the stability of the drug and
PLGA by preventing degradation by lysozyme. Furthermore,
it was found that the coating enhances the nasal transport of
the drug due to chitosan’s mucosal adhesion or mucoadhesive
properties.

A study demonstrated that conjugation of chitosan to poly
(acrylic acid) (PAA), an anionic polyelectrolyte, was useful
for delivery of gastric antibiotic drugs due to the chitosan-
poly (acrylic acid (Ch-PAA) derivative being stable under
acidic conditions [40].

It is widely accepted that modified chitosans have chemical
properties superior to unmodified chitosan, yet unmodified
chitosan has many favorable characteristics such as
biocompatibility, low cytotoxicity, biodegradability, and
stability when forming complexes, which are desirable
qualities for an effective gene delivery agent [2]. Unmodified
chitosan was used for the removal of organic matter such as
algae, proved to be more efficient than the following
coagulating inorganic compounds (AL(SO4);, KAI(SOs),,
Ca(OH),), by removing about 95% of algae from algae-
containing waters [1]. Regardless of these characteristics,
unmodified chitosan has certain constraints, a main one being
solubility. Chitosan is insoluble in physiological pH. Thus, it
is necessary for modifications that make it easier to
incorporate the biopolymer into cells.

Tissue engineering applications using CS derivatives

Chitosan’s ability to be refined into porous material is an
excellent characteristic that is useful for tissue engineering
applications because it can be made into scaffold grafts for
tissue engineering [45-47]. These scaffold grafts stimulate the
regeneration of certain types of tissues such as bone tissue,
among many others. Tissue engineering using chitosan-based
matrices in transplantation procedures of bovine adrenal
chromaffin cells was discovered in 1998 (Table 1) [48-50].
Since then chitosan and its derivatives have been used in
tissue regeneration due to their low to non-existent tissue
toxicity, biodegradability, as well as peritoneal adhesion
prevention.?! A previous study reported that modification of
chitosan with multiple proteins such as collagen, gelatin, and
albumin enhanced its biocompatibility. The results
demonstrated that a matrix made up of collagen modified
chitosan attached more readily to the cells than the other
proteins (Table 1) [48]. Additionally, chitosan’s hydrophilic
surface promotes cell proliferation and adhesion much better
than several synthetic polymers. Chupa et al. reported the use
of both heparin-CS and dextran sulfate (DS)-chitosan
complexes to stimulate cell proliferation and tissue
regeneration of human endothelial cells and smooth muscle
cells, in vivo [45,48,51]. Thus, proving the potential of CS to
be used in scaffolds that enhance and promote cell and
eventually tissue regeneration.
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Table 1. Examples of chitosan, its derivatives and their applications.

Ehie DC & Kim K

Chitosan derivative Application Target Discovery References
timeline
Low molecular weight chitosan Antibacterial/ant Scavenging ability against 1993 [1]
(LMWC) ioxidant superoxides, DPPH (2,2-
diphenyl-1- picrylhydrazyl), and
H,0; radicals
Chitosan; Chitosan-soy; Wound healing Stimulate macrophage and 1994 [1][65]
Chitosan-soy-tetra ethyl ortho attract neutrophil to site of
silicate (Cht/soy/TEOS)% wound
N-succinyl-chitosan (Suc-Chi) Drug delivery Treatment for arthritis 1994 [17[35]
Trimethyl chitosan (TMC) Gene delivery pDNA 1995 [23-25]
N-benzyl sulfonate chitosan Adsorbent Removal of heavy metals and 1996 [56]
pollutants
Collagen chitosan-based Tissue Attachment to bovine adrenal 1998 [48]
matrices engineering chromaffin cells
Dextran sulfate (DS)-chitosan Tissue Human smooth muscle cell and 2000 [45] [48]
regeneration, cell endothelial cells [51]
proliferation
Palmitoyl chitosan Drug delivery Subdermal and oral drug delivery 2005 [39-43]
Mannosylated chitosan (Man-C) Gene delivery pDNA 2006 [26] [31]
Chitosan-N-acetylcysteine (Ch- Drug and gene
NAC)% delivery FD4 parcellular marker, acyclovir | 2007-2008 [66]
PEGylated-TMC (PTMC) Gene delivery pDNA 2008 [22] [25]
N, O-carboxymethyl chitosan Delivery of chemotherapeutic
(N, O-CMC) Drug delivery drug curcumin 2010 [1][41][42]
Trimethyl-chitosan-cysteine
(TMC-Cys) Gene delivery pEGFP 2010 [39]
Chitosan-thioglycolic acid (Ch-
TGA) Gene delivery pDNA 2011 [1][30]
Chitosan-hydroxybenxotriazole siRNA delivery and gene
(Chitosan-HOBT)®’ Gene delivery silencing 2006, 2010 [35] [67]
Anticoagulant,
N-sulfurfuryl chitosan adsorbent Non-thrombogenic properties 2012 [1][39]
N, O-sulfonated chitosan Anticoagulant Strong anticoagulant 2012 [17139]
SciTech Central Inc.
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N-(2-hydroxyl) propyl-3- Drug
trimethyl ammonium chitosan delivery/gene Delivery of anti-viral drug [3]1[5][15]
chloride (HACC) delivery ribavirin 2014 [16]
Chitosan-lauric acid®® Antibacterial/drug Complexed with ciprofloxacin 2016 [14] [51]
delivery against S. aureus and E. coli [67]
Scavenging ability against
Double N-quaternized chitosan | Antibacterial/anti = superoxides, DPPH, and hydroxyl
(DQCS) oxidant radicals 2018 [4]
Scavenging ability against
Single N-quaternized chitosan = Antibacterial/anti =~ superoxides, DPPH, and hydroxyl
(QCS) oxidant radicals 2018 [4]
Collagen chitosan-based Tissue Attachment to bovine adrenal 1998 [48]
matrices engineering chromaffin cells

Chitosan-coated materials and complexes

Unmodified chitosan was used for the removal of organic
matter such as algae, proved to be more efficient than the
following coagulating inorganic compounds (Alx(SOs)s3,
KAI(SOs4)2, Ca(OH),), by removing about 95% of algae from
algae-containing waters [1]. Chitosan and its derivatives have
also been used as encapsulating agents for proteins such as
bovine serum albumin, hemoglobin, and dextran due to their
high affinity for the cell membrane [40]. In addition, chitosan
was used to coat PLGA (poly (lactic-co-glycolic acid))
microparticles that contain tetanus toxoid, improving the
stability of the drug and PLGA by preventing degradation by
lysozyme. Furthermore, it was found that the coating
enhances the nasal transport of the drug due to chitosan’s
mucosal adhesion or mucoadhesive properties. A study
showed that a chitosan conjugation to poly (acrylic acid)
(PAA), an anionic polyelectrolyte, is useful for delivery of
gastric antibiotic drugs because chitosan-poly (acrylic acid
(Ch-PAA) complex is stable under acidic conditions [40].
Though it is widely accepted that modified chitosans have
chemical properties superior to unmodified chitosan, yet
unmodified chitosan has many favorable characteristics such
as biocompatibility, low cytotoxicity, biodegradability,
stability when forming complexes, which are desirable
qualities for effective gene delivery agent [2]. Regardless of
these characteristics, unmodified chitosan has certain
constraints, a main one being solubility. Chitosan is insoluble
in physiological pH, thus leading to modifications that make
it easier to incorporate the biopolymer into cells. In this
review, the current progress using CS derivatives is discussed
and summarized as well as limitations of CS and its
derivative.

Tissue engineering applications using CS derivatives

Chitosan’s ability to be refined into porous material is an
excellent characteristic that useful for tissue engineering
applications because it that can be made into a scaffold grafts
for tissue engineering [45-47]. Tissue engineering using
chitosan-based matrices in transplantation procedures of
bovine adrenal chromaffin cells was discovered in 1998
(Table 1) [48-50]. In a previous study, chitosan was modified
using multiple proteins such as collagen, gelatin, and albumin
to enhance its biocompatibility. The results demonstrated that
a matrix made up of collagen modified chitosan attached more
readily to the cells than the other proteins (Table 1) [48].
Chitosan and its derivatives have been used in tissue
regeneration due to their low to non-existent tissue toxicity
and also properties that allow for degradation by lysozyme, as
well as peritoneal adhesion prevention [21]. Additionally, the
hydrophilic surface of chitosan promotes cell proliferation
and adhesion much better than several synthetic polymers. A
study reported that dextran sulfate (DS)-chitosan complexes
stimulated cell proliferation and tissue regeneration of human
endothelial cells and smooth muscle cells, in vitro [45,48,51].

Wound healing and anticoagulant properties of CS and its
derivatives

Wound healing using chitosan was first discovered in late
1980s-early 1990s [13,52]. Studies have shown that chitosan
improves skin wound healing and facilitates re-epithelization.
There have been numerous articles investigating chitosan and
its derivatives’ influence on peritoneal adhesion formation.
These studies demonstrated that as the degree of acetylation
on chitosan biofilms increased, cell proliferation and adhesion
decreased [53]. Chitosan also reduces inflammation at the
wound site, and promotes dermal regeneration. Additionally,
the biopolymer has the capability to accelerate wound healing
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because it stimulates macrophages and attracts neutrophils
[1,54,55].

Studies have shown that derivatives of CS substituted with
sulfonate groups have high anticoagulant activity due to their
similarity with heparin, a common anticoagulant medication.
These sulfonated derivatives have no side-effects and are less
expensive compared to heparin and have in fact have replaced
heparin in many pharmaceutical and clinical settings [1].
Examples of such derivatives are N-Sulfofurfuryl chitosan,
O-sulfonated chitosan, and N, O-sulfonated chitosan.
Amphoteric water-soluble chitosan derivatives such as N-
sulfofurfuryl chitosan and N-benzyl sulfonate chitosan,
possess non-thrombogenic properties and can be used for
blood-coagulating applications. They have also been used in
wastewater applications [1]. N, O-sulfonated chitosan also
showed strong anticoagulant activities by inhibiting thrombin
activity, as did O-sulfonated chitosan, which in addition was
reported to have excellent inflammation inhibition activities
(Table 1) [1]. These sulfonated chitosan derivatives are also
used to remove organic pollutants and heavy metals, such as
Cd?*", Zn*" ,Ni** ,Pb*", Cu®", Fe*", and Cr*" from industrial
sewages and proved to remove these pollutants and heavy
metals much better than unmodified chitosan could (Table 1)
[1,56].

Antioxidant and antimicrobial properties of CS and CS
derivatives

In 1992 chitosan was discovered to have antioxidant and
antimicrobial properties in Japan, the authors were trying to
investigate macrophage activation and antimicrobial activity
of chitosan and chitin [57]. Chitosan as well as derivatives of
chitosan, especially low molecular weight chitosan (LMWC),
has been proven to display strong scavenging activity towards
superoxides and H»O,, and 2,2-diphenyl-1-picrylhydrazyl,
(DPPH) radicals [1,57]. A study measuring the antioxidant
activity of unmodified chitosan and two derivatives, double
N-quarternized chitosan (DQCS) and single N-quarternized
chitosan (QCS), demonstrated that DQCS had the best
scavenging ability compared to both unmodified CS and QCS
in the presence of DPPH, hydroxyl radicals and superoxide
radicals.*

Another article by Sinha et al. [58] investigated the
antimicrobial activities of chitosan crosslinked with fatty
acids (lauric, stearic, and capric saturated fatty acids) as well
as drug delivery of ciporoflaxacin against S. aureus and E.
coli. They discovered that the chitosan-lauric acid derivative
and the chitosan-lauric acid-ciporoflaxacin complex had
inhibitory effects against the two microbes. When unmodified
chitosan was complexed with lipopolysaccharide (LPS), it
was reported to have inhibited cytokine production in
macrophages (RAW 264.7) [1,13,58]. The CS-LPS complex
led to more enhanced phagocytic activity of the macrophages
than when the macrophages were stimulated with LPS alone.
Another way chitosan demonstrates its antioxidant properties
is that it protects from hypertrophy of adrenal glands (induced
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by LPS), prevents from shrinkage of the thymus, changes of
hormones, glycolysis and glycogenolysis activation, and lipid
peroxidation in liver cells [1].

Limitations of Chitosan and its future use

The derivatives aforementioned have demonstrated the
various applications and versatility of chitosan in many
different fields. However, modifications on chitosan such as
thiol addition, quarternization on the amino groups, addition
of hydrophobic groups, addition of sulfono group, etc. can
sometimes prevent delivery of certain nucleic acids and drugs.
For instance, hydrophobic modification of CS results in slow
release. Moreover, these modifications to chitosan can limit
the drug and gene delivery due to pK,, degree of acetylation,
N/P ratio, and MW. High MW chitosan can lead to unstable
CS-DNA polyplex formation as well as problems with
cellular uptake and release of the nucleic acid into the
cytoplasm [1,25,59,60]. Although, DA and MW can become
advantageous in chitosan becoming a vector for drug and gene
delivery, e.g. through modification, other limitations include
an increase in cytotoxicity as well as a reduction in gene
binding capacity when the biopolymer has been modified
with a high degree of substitution [59]. Whereas N/P ratio can
variable with CS derivatives. Although N/P ratio between 1-
5 usually allows for stable polyplex formation, with and N/P
ratio of 2.5 usually being the optimal ratio for most CS
derivatives. In contrast, N/P ratio make it polyplex formation
difficult and lead to aggregate formation.

Nevertheless, these derivatives have proven to have good
characteristics such as high gene delivery capacity, protection
of cargo from lysozyme degradation, low cytotoxicity and
solubility. Nevertheless, cytotoxicity could be caused by
steric effects in N-substituted (quaternization of the amino
groups on chitosan) derivatives such as TMC which can be
seen in many of the chitosan derivatives [28, 29]. This could
serve as a precaution to researchers as they investigate certain
degree of substitutions that would make chitosan a more
efficient gene delivery vector. In order for these derivatives
to be efficient gene carriers, they must demonstrate excellence
in these characteristics. With this information, research
should be geared towards using chitosan and its derivatives in
treating of genetic and autoimmune disorders, as more
awareness about these diseases is being brought to light.

Moreover, factors such as degree of deacetylation, ionic
strength of the solution, and the molecular weight influence
the solubility of chitosan and its ability to be an efficient
delivery agent [16,36]. Another limitation of chitosan
includes the inability to release therapeutic cargo
intracellularly after endocytosis when complexed with DNA,
thus leading to a less efficient delivery of DNA, in vitro
[23,61,62]. Endo-lysosomal release of these genetic materials
into the cell is just as important as internalization in the cell
[6,61,63,64]. As these CS nanoparticles are internalized via
endocytosis, they can deliver drugs into the cytoplasm
without endangering these biologically active cargos.
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Although chitosan has been used in drug delivery applications
as well as its effects on cell viability using many derivatives,
there are very few gene therapy-based studies using chitosan
modified with ammonium or phosphonium salts such as
TEPB-CS and TEAB-CS. Therefore, the aim of the present
work is to determine if these chitosan derivatives can be used
as efficient gene delivery vectors [8,60]. Future chitosan
research could be geared towards better understanding of
intercellular processes involving chitosan as there currently
few in-depth studies about this topic especially because
chitosan and its derivatives can be used in therapy for many
different diseases [68].
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