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Abstract

Chitin and chitosan are among the most commonly used natural polymers in nanomedicine because they display
very attractive characteristics for drug delivery and have proven very effective when formulated in nanoparticle forms.
Properties such as the cationic character and the solubility of chitosan in aqueous medium have been reported
as determinants of the success of this polysaccharide. However, its most attractive property relies on its ability to
adhere to mucosal surfaces, leading to prolonged residence time at drug absorption sites and enabling higher drug
permeation. This is because chitin and chitosan are able to interact with anionic agents and form water-soluble barriers
which participate in drug release. The wide nanomedical applications of chitin and chitosan are due not only to their
excellent biocompatibility, biodegradability, non-toxicity, ordourless nature and economic efficiency but also due to
their distinct chemical structure with high percentage of primary amino groups and acetamido groups in chitosan and
chitin respectively, for easy binding to bio-molecules such as DNAs and proteins. This review highlights the properties
and modifications of chitin and chitosan which are responsible for the wide range of applications of these materials,
particularly in nanomedicine for drug delivery and gene therapy, thereby encouraging more research into the exploration

of their properties and modifications for improved applications.

Keywords: Chitin; Chitosan; Nano-medicine; Nano-particles; Chemistry;
Gene therapy

Introduction

Polymers are macromolecules composed of repeating structural
units of monomers connected by covalent chemical bonds. The
reaction which results in the process of connecting the monomers to
form polymers is known as polymerization reaction. There are many
types of polymers formed by this process and they exist in two broad
areas which are natural and synthetic polymers [1]. Natural polymers
such as proteins, chitin, chitosan, collagen, silk, keratin, carbohydrates,
starch, glycogen, are widely used materials for conventional coating
materials for controlled active-ingredient release and even as drug
delivery systems because they are chemically inert, nontoxic, less
expensive, biodegradable, eco-friendly and readily available [2].

Among the naturally occurring polymers, chitin, chitosan, starch
and their derivatives have been studied by many researchers due to
their wide range of applications in agriculture for the controlled release
of pesticides and/or fertilizers to water and soil environments, in
engineering and chemistry for dye and metal-ion removal due to their
adsorptive properties, and in pharmacology for the controlled release
of drugs and wound healing due to their hydrogel properties [3-6]. The
difference between the chemical structures of chitin and chitosan lies
in the degree of deacetylation, as the percentage of acetyl groups in the
compound determines if it is a chitin or chitosan - chitosan is usually a
50 - 100% deacetylated form of chitin [7].

The application of chitin and chitosan in nanomedicine had been
widely reported for the targeted delivery of drugs in nanoparticle
formulations and also for gene therapy [8-12].

Chitin

The origin of chitin dates back to the year 1811 when it was first
isolated and characterized from mushrooms, by the French Chemist

Henri Braconnot [13]. Chitin is the second most abundant naturally
occurring polysaccharide which is the structural element in the
exoskeleton of animals, especially in crustaceans (snails, crabs, shrimps,
etc.), molluscs, arthropods, cuticles of insects, scales of fish, and in the
internal structure of invertebrates [14]. Chitin can also be found in
fungi as it is the principal fibrillar polymer in the cell wall of certain
fungi where it adds some form of structural rigidity to such fungi and
also makes fresh mushroom to be crisp. It is synthesized from the units
of N-acetyl-D-glucosamine [(1-4)-linked 2-acetamido-2-deoxy-p-D-
glucan], derived from cellulose, where the hydroxyl groups in cellulose
have been replaced by acetamido groups [2].

Structure and sources of chitin

The structure of chitin is similar to that of cellulose, the only
difference being the replacement of the hydroxyl group at the C-2
position of cellulose by an acetamido group in chitin [15]. Chitin
occurs in two main polymorphic forms - a and P - based on the
source of the chitin. The a form is the most abundant and can be
found in fungal and yeast cell walls, krill, lobster, tendons and shell of
crabs, shells of shrimps, cuticle of insects, and in some marine living
organisms. B-chitin is found together with the proteins in squid pens,
monocrystalline spines excreted by the diatom Thalassiosira fluviatilis,
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tubes synthesized by pogonophoran and vestimetiferan worms,
aphrodite chaetae, and in the lorica built by some seaweeds or protozoa.
The minor form (Y chitin) seems to be a variant of the a form. These
forms of chitin can be differentiated by infrared and solid-state nuclear
magnetic resonance (NMR) spectroscopy with X-ray diffraction [16].
The chemical structure of chitin is shown in Figure 1.

Solubility of chitin

Despite the variations in crystallinity, the chitin forms are insoluble
in all the usual solvents. Insolubility of chitin remains the major setback
in the commercial utilization of chitin [15]. The mechanism for the
solid-state transformation of 3-chitin into a-chitin which occurs by the
treatment of P-chitin with aqueous HCI (concentration more than 7
M) and washing with water, as well as the solubility study of chitin-LiCl
complex (soluble in dimethylacetamide and N-methyl-2-pyrrolidone),
have been reported [16]. This solubility problem has resulted in only
few information being available on the physical properties of chitin.

Characterization of chitin

Proton nuclear magnetic resonance (‘H-NMR) spectroscopy:
Chitin can be dissolved rapidly in concentrated acid if it is first wetted
with dilute acid. One advantage of using concentrated DCI as solvent
is that the resonance of the solvent (HDO) does not interfere with any
of the carbohydrate protons, as the solvent protons resonate at 9.2
ppm (probably a weighted average of the signals from water and acid
protons due to the fast exchange between the two). The spectra shows
the characteristic resonances in the anomeric region of the acetylated
a- and the B-anomer at 5.43 and 5.05 ppm, respectively. H-1 of internal
de-N-acetylated units resonate at 5.07 ppm, overlapping with the
B-anomeric proton, while H-1 of internal acetylated units resonate at at
4.91 ppm. H-2 of internal de-N-acetylated units resonate at 3.44 ppm.
Acetyl-protons are found at 2.62 ppm while the remaining ring protons
appear between 3.6 and 4.4 ppm [17].

"H-NMR spectra of chitin in concentrated DCI can also be used to
give an indication of the purity of the chitin sample, as methyl-proton
resonances from protein present in the sample would appear between
1.0 and 1.5 ppm [17].

Carbon-13 nuclear magnetic resonance (“C-NMR) spectroscopy:
When recorded at 7.05 T, there are only 8 signals for the 8 carbon
atoms of a- and P-chitins. C1 occurs at approximately 109 ppm,
C2 at 58 ppm, C3 at 75 ppm, C4 at 85 ppm, C5 at 77 ppm, C6 at 60
ppm, carbon of CH, at 22 ppm and the carbonyl carbon at 177 ppm.
Thus, in both allomorphs, the N-acetyl D-glucosamine moiety can be
considered as the magnetic independent residue, in full agreement with
the crystal structure of a- and B-chitin where this residue is also the
crystallographic independent unit [16].
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Figure 1: Structure of chitin.

Fourier transform infrared (FTIR) spectroscopy: Chitin
exhibits an amide II band of 1558.48 cm™ (a characteristic band of
N-acetylation), an amide I band of 1651.07 cm™, a characteristic band
at 3448cm™ attributed to -NH and —~OH groups stretching vibration,
an aliphatic C-H stretching band at 2885 cm!, a characteristic carbonyl
(C=0) stretch at 1627 cm™ attributed to the vibrations of the amide
I band, a band at 1427 cm™ corresponding to the CH, group, a band
at 1558 cm corresponding to the N-H deformation of amide II, and
vibration bands at 1072 cm™ showing C-O-C vibration inside the chitin
ring [18].

Applications of chitin

Chitin has a wide range of application in numerous areas.
It has been widely used to immobilize enzymes and whole cells
enzyme immobilization has applications in the food industry, such
as clarification of fruit juices and processing of milk when a- and
B-amylases or invertase are grafted on chitin. Chitin films and fiber
have been used in medicine and pharmacy as wound-dressing and
slow drug release materials. Chitin has been used to prepare affinity
chromatography column to isolate lectins and determine their
structure. Chitin-based materials have been applied in the adsorptive
removal of heavy metals for water treatment [16].

In recent years, chitin is being investigated for immuno-stimulating
and anticancer application [19].

Chitin derivatives

The main derivative of chitin is chitosan [16] while other derivatives
include glucosamine, oligosaccharides, tosyl chitin, trityl chitin,
fluorinated chitin, N- and O-sulphated chitin, phosphoryl chitin, etc.
[20,16].

Glucosamine: The origin of glucosamine was initiated by
Ledderhose, a premedical student at Gottinghen University in 1876 by
mineral acid hydrolysis of the lobster shell and was named ‘glucosamin’.
This amino sugar was believed to have the D-glucose configuration and
was synthesized by Fisher and Leuchs in 1903. It was not until 1939 that
the configuration was unequivocally proved by synthesis.

Glucosamine is the principal component of O-linked and N-linked
glycosaminoglycans (keratin sulphate, heparin sulphate, chondroitin
sulphate, etc). Glucosamine glycans form the matrix of all connective
tissue. Glucosamine is also the precursor for the biosynthesis of all the
hexosamines that will form sialic acids and proteoglycans [21,22].

Glucosamine is prepared by the degradation of chitin by heating
with concentrated hydrochloric acid. Crude glucosamine hydrochloride
can be purified by filtration through celite and activated carbon. Final
purification of the crude glucosamine can be done by dissolving in hot
water and adding ethanol. Sibi and co researchers have also reported
that glucosamine can also be prepared from chitosan [23].

An estimated 75% of chitin produced is used to manufacture
products for the nutraceutical market. Currently the major driving
force in the market is the increasing sales of glucosamine as a dietary
supplement. Approximately 65% of the chitin produced is converted
into glucosamine [24]. The chemical structure of glucosamine is shown
in Figure 2.

Uses of glucosamine: Glucosamine derivatives are important
intermediates in the synthesis of oligosaccharides and glucoconjugates.
Both natural and synthetic glucosamine have demonstrated potential
anti-coagulation and immune-modulatory activity and are used
clinically to treat heart diseases, arthritis, and kidney disorders [25].

Biochem Pharmacol, an open access journal
ISSN:2167-0501

Volume 7 + Issue 1 + 1000241



Citation: Akakuru OU, Louis H, Amos PI, Akakuru OC, Nosike El, et al. (2018) The Chemistry of Chitin and Chitosan Justifying their Nanomedical
Utilities. Biochem Pharmacol (Los Angel) 7: 241. doi: 10.4172/2167-0501.1000241

Page 3 of 6
CH,OH 2H,
CO
HO CH,OH |
NH, % '
*OH O

Figure 2: Structure of glucosamine (protonated).

Glucosamine hydrochloride has been reported to be a potential
tumor growth inhibitor under certain circumstances. It has also been
reported to promote absorption of antibiotics in the blood stream. It is
also known to have anti-cancer, anti-inflammatory, and antibacterial
effects [24].

Glucosamine can be characterized by FTIR spectroscopy and high
performance liquid chromatography (HPLC).

Tosyl chitin: Tosylation of a-chitin with tosyl chloride is
performed by interfacial condensation with an aqueous alkali chitin
solution and a chloroform solution of tosyl chloride. During the
reaction, partial deacetylation takes place because of the alkaline
medium and subsequent acetylation followed by O-deacetylation is
necessary. Chitin derivatives having p-toluenesulphonyl (tosyl) groups
are versatile precursors for controlled further modifications, since they
are soluble in organic solvents and highly reactive [20].

Trityl chitin: a-chitin cannot be tritylated directly with trityl
chloride, hence trityl chitin is prepared through five-step reactions -
deacetylation of chitin, N-phthaloylation, tritylation, dephthaloylation,
and final N-acetylation. As in other modifications, however, B-chitin
allows direct tritylation in pyridine. Although no appreciable
substitution is observed at 90°C without a catalyst, the reaction
proceeds smoothly in the presence of DMAP [20].

Chitosan

Chitosan, a naturally occurring polysaccharide is a cationic
polysaccharide composed of glucosamine and N-acetylglucosamine
units linked by B(1-4) glycosidic bonds obtained by the alkaline
deacetylation of chitin [26]. The unique properties of chitosan including
bioavailability, biodegradability, biocompactility, bioactivity, non-
toxicity as well as good adhesion for sorption are the major reasons for
its multiple applications [27]. Other reasons for the increasing interest
of chitosan is its wide range of physical forms and various possible
chemical modifications obtained using technical processes, in order to
increase its solubility and widen its applications [14,28]. The chemical
structure of chitosan is shown in Figure 3.

The processing of chitosan from crustacean shells mainly involves
the removal of protein and the dissolution of calcium carbonate that is
present as binders in crab shells in high concentration. The resulting
chitin is deacetylated in 40% NaOH at 120°C for 1-3 hours. This
treatment produces 70% deacetylated chitosan [29].

The process can be summarized as follows (Figure 4):
Characterization of chitosan

Chitosan is mainly characterized by the FTIR spectroscopy and
determination of its degree of deacetylation. The degree of deacetylation
of chitosan is a calculated measure of the extent of conversion of acetyl
groups in chitin to amine groups of chitosan. High quality chitosan are
those with degree of deacetylation greater than 85% [30].

CH,OH

Figure 3: Structure of chitosan (partially deacetylated chitin).
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Figure 4: The processing of chitosan from crustacean shells.

FTIR analysis of chitosan shows broad absorption band in the
range of 3000 to 3500 cm™ which is attributed to O-H stretching
vibrations and the 3263 cm™ to vibration of N-H [28,30]. The
stretching vibrations of methylene C-H occur at 2854 cm™ and
the absorption peak at 1558 cm™ corresponds to the N-H bending
vibrations. The amide II band is used as the characteristic band of
N-acetylation. In comparison with that of chitin, the spectra for
chitosan shows the different vibration that occurs after deacetylation
pocess, which was not the emergence of the C=0 vibration at 1627
cm’! region, which indicates that the C=0O has been reduced in
chitosan, as well as the emergence of absorption band at 894 cm™
on chitosan which is the vibration for NH, [18].

'H-NMR analysis of chitosan showed peaks (singlets)
corresponding to protons of glucosamine units, N-actyl-glucosamine,
and acetyl group of N-acetyl-glucosamine at approximate chemical
shift values of 4.7 ppm, 4.4 pm, and 1.8 ppm respectively [16].

Kafshgari and coworkers [30] had characterized the morphology
of chitosan nanoparticles by transmission electron microscopy
(TEM) and the mean particle size as well as the size distribution of the
nanoparticles by dynamic light scattering (DLS).
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Solubility of chitosan

Solubility according to an IUPAC definition is the analytical
composition of a saturated solution expressed as a proportion of a
designated solvent, which depends on the physical size of the polymer.
The solubility of chitosan is a very difficult parameter to control. It is
related to the degree of deacetylation, the ionic concentration, the pH,
the nature of the acid used for protonation, the intra-chain hydrogen
bonds involving the hydroxyl groups, and the distribution of acetyl
groups along the chain, as well as the conditions of isolation and drying
of the polysaccharide. Examination of the role of the protonation of
chitosan in the presence of acetic acid and hydrochloric acid on
solubility showed that the degree of ionization depends on the pH and
the pK of the acid. The solubility of chitosan is usually tested in acetic
acid by dissolving it in 1% or 0.1 M acetic acid [16].

Modifications of chitosan

Modifications of chitosan are increasingly studied as it has potential
of providing new applications. The poor solubility, low surface area
and porosity of chitosan are the major limiting factors in its utilization.
Also, its fundamental skeleton does not change but brings new or
improved properties. Derivatization of chitosan is the introduction of
small functional groups on the reactivity of the primary amino groups
and the secondary hydroxyl groups using various methods [14,31].

Chitosan, an unbranched cationic polymer, has three types
of reactive functional groups that allows for further chemical
modifications under mild reaction conditions to alter its properties
i.e. amino or amido group at C-2 positions as well as both 1°and 2°
hydroxyl groups at C-6 and C-3 positions respectively. An example
is the introduction of carboxymethyl group on the chitosan structure
which drastically increases the solubility of the chitosan at neutral and
alkaline pH values without affecting it cationic character [14,31].

Graft copolymerization: This is the most attractive technique or
method used to improve chitosan solubility and widen its application.
Grafting of chitosan allows the formation of a functional derivative by
covalent bonding of a molecule- the graft onto the chitosan backbone.
Chitosan has two types of reactive groups that can be grafted; the free
amine group on acetylated or deacetylated units and the hydroxyl
groups [14,31]

Blending: Modification of chitosan by means of blending is an
attractive method that has been extensively used for providing new
desirable properties of chitosan. This is mainly due to its simplicity,
availability of a wide range of synthetic and natural polymers for
blending and its effectiveness for practical utilization [14,31].

Blending of chitosan with other polymers such as starch and
crosslinking them are both convenient and effective methods of
improving the physical and mechanical properties of chitosan for
practical applications. Chitosan has been successfully blended with
starch for the effective release of metformin hydrochloride [28].

Chitosan complex formation with metals: Chitosan-metal
complexes have been reported for the metal salts of CuSO,.5H,0,
CoCl,.6H,0, NiCl,.6H,0, CdSO,.8H,0, Pb(CH,CO,),.3H,0, AgNO,,
HgCl,, Fe(NH,),(S0O,),.6H,0, and K,Cr,(SO,),.24H,0, and in all cases,
quantitative determination of the metal ions contained in the chitosan
was conducted by using atomic absorption spectroscopy. Chitosan
is known to have good complexing ability; the -NH, groups on the
chain are involved in specific interactions with metals. Many papers
are concerned with complexation for the recovery of heavy metals from
various waste waters [16].

Chitosan-based materials

Chitosan hydrogels: One of the forms in which chitosan is used in
medical application is as a hydrogel. A hydrogel (also called aquagel)
is a network of polymer chains that are hydrophilic, sometimes found
as colloidal gel in which water is the dispersion medium. Chitosan
hydrogels, like other hydrogels, contain much water. Part of this water
is tightly bound to the polymer and the rest is present as free water
[7]. Water in crosslinked and uncrosslinked chitosan hydrogels gives
rise to a three-dimensional network. Chitosan-based hydrogels have
been reported to exhibit good biocompatibility, low degradation and
processing ease [7,14]. The ability of these hydrogels to swell in water
and dehydrate depends on its composition, biodegradability, and
environment. These dependences have been exploited to facilitate a
range of applications such as drug release [7,14]. The swelling ability,
swelling kinetics and mechanism of uncrosslinked and glutaraldehyde-
crosslinked chitosan had also been reported [8].

Chitosan-crosslinked blends: Stimuli-responsive hydrogels can
also be obtained by blending biopolymers with synthetic thermo-
responsive materials by various mechanisms of chemical crosslinking.
When we have an assembly of two crosslinked polymers and at least
one of which is synthesized and crosslinked in the presence of the
other, this system is called an interpenetrated network (IPN). If only
one component of the assembly is crosslinked leaving the other in the
linear form, the system is termed as semi-IPN [14].

Blending of chitosan with other polymers such as starch and
crosslinking them are both convenient and effective methods of
improving the physical and mechanical properties of chitosan for
practical applications. Corsslinking of chitosan can be achieved
by reacting chitosan with epichlorohydrin [32,33], ethyleneglycol
diglycidyl ether [33], sodium tripolyphosphate [34], or glutaraldehyde
[18,35].

Applications of chitosan

Drug delivery: The release of drug from chitosan based dosage form
depends upon the morphology, size, density, and extent of crosslinking
of the particulate system, physico-chemical properties of drug as
well as the polymer characteristics such as whether it is hydrophilic
or hydrophobic, has gel formation ability, swelling capacity, muco-
adhesive or bioadhesive properties and also on the presence of other
excepients present in the dosage form [2,8,19]. Chitosan and its
derivatives such as trimethylchitosan (where the amino group has been
substituted with three alkyl groups), have been used in non-viral gene
delivery system and has shown to transfect breast cancer cells; with
increased degree of trimethylation increasing the cytotoxicity and at
approximately 50% trimethylation, the derivative is the most efficient
at gene delivery. Oligomeric derivatives are relatively non-toxic and
have also been reported to have good gene delivery properties [36].
Chitosan has been used for the release of metformin hydrochloride [35],
insulin, gentamicin sulphate, diclofenac, clarithromicin, cimetidine,
famotidine, bovine serum albumin, clozapin, ovalbumin, doxorubicin,
ofloxacin, 5-fluorouracil [2].

Metal-ion removal: The high sorption capacities of modified
chitosan for metal ions are of great use for the recovery of valuable
metals or the treatment of contaminated effluents. A great number of
chitosan derivatives have been obtained with the aim of adsorbing metal
ions by including new functional groups on the chitosan backbone. The
new functional groups are incorporated into chitosan to increase the
density of sorption sites, to change pH range for metal sorption and
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to change the sorption sites in order to increase sorption selectivity for
the target metal [14]. Chitosan has been reported to be effective for the
removal of copper (ii) ions (Ngah et al.,), zinc (ii), and lead (ii) ions
[32] in solution.

Dye removal: Chitosan, due to its high contents of amine and
hydroxyl functional groups, has an extremely high affinity for many
classes of dyes including disperse, reactive, anionic, vat, sulphur and
naphthol. The only class for which chitosan has low affinity are cationic
dyes. Carboxyl groups grafted onto chitosan may also serve as electron
donors in an alkaline environment to confer chitosan the ability to
adsorb cationic dyes from aqueous solutions. Modified chitosan gel
beads with phenol derivatives were found to be effective in adsorption
of cationic dyes, such as crystal violet (CV) and Bismarck brown Y (BB)
[37].

Agricultural uses: Chitosan has a rich history of being researched
for applications in agriculture, biology, and horticulture dating back to
the 1980s. Chitosan increases photosynthesis, promotes and enhances
growth of plants, stimulates nutrient uptake, increases germination and
sprouting, and boosts plant vigor [38]. When used as seed treatment
or seed coating on cotton, corn, seed potatoes, soybeans, sugar beets,
tomatoes, wheat, and many other seeds, it elicits an innate immunity
response in developing roots which destroys parasitic cyst nematodes
without harming beneficial nematodes and organisms [38].

Other applications of chitosan: Chitosan has also found
applications in industries such as in cosmetics, water engineering,
paper industry, textile industry, food processing, photography,
chromatographic separations, solid state batteries, and chitosan gel
for light-emitting devices (LEDs) [27] and environmental-friendly and
biodegradable flexible organic thin-film transistors [39].

Conclusion

It can be deduced from this review that the difference between
the chemical structures of chitin and chitosan lies in the degree of
deacetylation. Available literatures also indicate that both chitin and
chitosan are effective materials for application in nanomedicine for
drug delivery, tissue engineering and related applications. Modification
of both chitin and chitosan had been reported to improve their range
of applications even beyond nanomedicine. The recent application
of chitosan in organic electronics is also an area that requires more
research.
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