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Abstract

Chitin and chitosan are biopolymers with excellent bioactive properties, such as
biodegradability, non-toxicity, biocompatibility, haemostatic activity and antimicrobial
activity. A wide variety of biomedical applications for chitin and chitin derivatives have
been reported, including wound-healing applications. They are reported to promote
rapid dermal regeneration and accelerate wound healing. A number of dressing materi-
als based on chitin and chitosan have been developed for the treatment of wounds. Chitin
and chitosan with beneficial intrinsic properties and high potential for wound healing
are attractive biopolymers for wound management. This review presents an overview
of properties, biomedical applications and the role of these biopolymers in wound care.

Introduction

Chitin is the second most ubiquitous natural polysaccharide
after cellulose on earth. It is a high molecular weight lin-
ear homopolymer of β-(1, 4) linked N-acetylglucosamine
(N-acetyl-2-amino-2-deoxy-D-glucopyranose) units. Chi-
tosan, the principal derivative of chitin, is a copolymer of
glucosamine and N-acetylglucosamine units linked by 1–4
glucosidic bonds. Chitin is the major constituent of the shells
of crustaceans, the exoskeletons of insects and the cell walls
of fungi where it provides strength and stability. On the other
hand, chitosan only occurs naturally in some fungi, Muco-
raceae (1). Chitin was first discovered in the cell walls of
mushrooms by Professor Henri Braconnot in 1811. Henri
Braconnot’s name for chitin was fungine. In 1823, Odier found
the same material in insects and plants and named it chitin (2).
Professor C. Rouget discovered chitosan in 1859, and over the
next century, much fundamental research took place on these
compounds. An intense interest in new applications grew in the
1930s and early 1940s. However, commercial development was
hampered due to the lack of adequate manufacturing facilities
and competition from synthetic polymers. Revived interest in
the 1970s encouraged scientists worldwide to explore the more
distinct properties of chitin and its derivatives. Since then,
numerous research studies have been undertaken to understand
the potential of these natural polymers.

The role of chitin and chitosan as biomaterials is indis-
putable, as evidenced by the scientific literature and patents
published over the last 40 years. Chitin is one of the most
abundant renewable biopolymers on earth that can be obtained
at a low cost from marine sources. Chitosan is obtained
by N-deacetylation of chitin to a varying extent that is

characterised by the degree of deacetylation. As functional
materials, chitin and chitosan offer a unique set of charac-
teristics and have been extensively exploited in biomaterials
research. Chitin and chitosan are currently receiving a great deal
of interest with regards to medical and pharmaceutical applica-
tions, owing to their distinct chemical and biological properties
(3,4). Chitin is generally an insoluble material but can be
deacetylated to form the soluble polymer chitosan. Chitosan
preparations of various molecular weights, degrees of deacety-
lation and with further molecular derivatization patterns have
attracted much attention because of their potentially beneficial
biological properties (5,6). Chitin and chitosan are biopolymers
endowed with an excellent biocompatibility, which strongly
recommends their use as an innovative biomatrix intended for
clinical applications, such as drug-delivery devices, scaffolds
for tissue engineering and bioactive dressings. Other inter-
esting characteristics include a non-toxic, non-immunogenic
nature with excellent biodegradability, antimicrobial activity
and accelerated wound-healing properties (7,8). Chitin and
chitosan are attracting increasingly more attention recently as
their inherent biological and physicochemical characteristics
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are being better understood. Chitin and chitosan with beneficial
intrinsic properties and high potential for wound healing are
attractive biopolymers for wound management.

Chitin and chitosan polymers

Chemical structure

Chitin (C8H13O5N)n is a long-chain polymer of N-
acetylglucosamine, a derivative of glucose. Figure 1 shows
the structure of the chitin molecule, showing two of the N-
acetylglucosamine units that repeat to form long chains in
β-1,4 linkage. Chitosan is a high-molecular copolymer with
acetylglucosamine and glucosamine radicals in its chains.

Chitin structure is similar to the structure of cellulose, except
that acetylamino groups have replaced the hydroxyl groups
in position 2. It contains acetamide groups (−NHCOCH3) at
the C-2 positions. Approximately 16% of naturally occurring
chitin units are deacetylated. Chitosan is a linear polymer of a
1–4 linked 2-amino-2-deoxy-D-glucopyranose and is derived
by N-deacetylation to a varying extent that is, consequently, a
copolymer on N-acetylglucosamine and glucosamine. Deacety-
lation releases amine groups (NH) and gives the chitosan a
cationic characteristic. The various sources of chitin differ in
their structure and chitin content. There are three polymor-
phic forms of chitin, α, β and γ. The most abundant and
easily accessible form is α-chitin. The chitin molecules align
in an anti-parallel fashion in α-chitin that allows maximum
intermolecular hydrogen bonding (9). The chitin molecules
are, however, parallel in β-chitin, which is responsible for the
weaker intermolecular forces (10). The structure of α- and
β-forms differ only in that the piles of chains are arranged alter-
nately anti-parallel in α- chitin, whereas they are all parallel in
β-chitin (11). The γ-chitin form has characteristics of both α-
and β-forms, where two chains run in one direction and another
chain in the opposite direction. γ-chitin is considered only a
variant of the α-family because it has the same properties as
the α-chitin (12). α-Chitin is the most abundant and also the
most stable thermodynamically (13,14), and the β- and γ-chitin
forms can be irreversibly converted into the α-form (15). Some
characteristics of β-chitin, such as high affinity for solvents and
high reactivity, are attributable to its loose crystalline structure.
Chitosan is also crystalline, but the structure is different from
that of either α- or β-chitin, as evidenced by the X-ray diffrac-
tion patterns. The crystal structures have been refined for the
anhydrous and hydrated forms (16,17).

Sources and processing

Chitin is one of the most abundant nitrogenous polysaccha-
rides found in nature. It is a tough, semi-transparent, horny
substance found in crustaceans, such as crabs, lobsters and
shrimp. It is also found in clams, oysters, krill and squid. It
is the principal component of the exoskeletons of arthropods
and the cell walls of certain fungi. The shells of marine crus-
taceans, such as crabs and shrimps, available as waste from the
seafood processing industry are used for the commercial pro-
duction of chitin (18,19). The shells contain 15–40% chitin,
with proteins (20–40%) and calcium carbonate (20–50%) as
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Figure 1 Structure of chitin and chitosan.

two other major components. Other possible sources of chitin
production include krill, clams, oysters, insects and fungi (20).
The nitrogen content in chitin varies from 5% to 8% depending
on the extent of deacetylation, whereas the nitrogen in chitosan
is mostly in the form of primary aliphatic amino groups. Pro-
cessing of chitin is primarily from two sources: crab or shrimp
shells and fungal mycelia. In the first case, chitin production
is associated with food industries such as shrimp canning. In
the second case, the production of chitosan–glucan complexes
is associated with fermentation processes. The processing of
crustacean shells mainly involves the removal of proteins and
the dissolution of calcium carbonate that is present in crab
shells in high concentrations. The resulting chitin is deacety-
lated in 40% sodium hydroxide at 120∘C for 1–3 hours. This
treatment produces 70% deacetylated chitosan, and complete
deacetylation can be obtained by repeating the step. Significant
efforts have also been devoted for commercialising chitosan
extracted from fungal and insect sources to completely replace
crustacean-derived chitosan (21). The processing of the fungal
wastes from Aspergillus niger, Mucor rouxii and Streptomyces
consists of an alkali treatment that yields chitosan–glucan com-
plexes. The alkali removes the protein and deacetylates chitin
simultaneously. Depending on the alkali concentration, some
alkali soluble glucans are also removed (22).

Chemical properties

Most of the naturally occurring polysaccharides like cellulose,
dextran, pectin, alginic acid, agar, agarose and carrageenan
are neutral or acidic in nature. Chitin and chitosan are highly
basic polysaccharides. Their unique properties include poly-
oxysalt formation, ability to form films, chelate metal ions and
optical structural characteristics (23). Like cellulose, chitin
naturally functions as a structural polysaccharide but differs
from cellulose in the properties. Chitosan is the universally
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accepted non-toxic N-deacetylated product of chitin. A sharp
nomenclature border has not been defined between chitin
and chitosan based on the degree of N-deacetylation (24,25).
Chitin is highly hydrophobic and is insoluble in water and
common organic solvents. Its highly crystalline structure
accounts for its poor solubility. The major solvent that dis-
solves chitin is lithium chloride-tertiary amides solvent system
(26). The most frequent solvents used to make a 5–7%
(w/v) lithium chloride solution are N,N-Dimethylacetamide,
N,N-Dimethylpropionamide, N-Methyl-2-pyrrolidinone and
1,3-Dimethyl-2-imidazolidinone. It is also soluble in hexaflu-
oroisopropanol, hexafluoroacetone (27) and chloroalcohols in
conjunction with aqueous solutions of mineral acids (23). It is
also possible to dissolve chitin in a narrow range of carboxylic
and sulfonic acids. Unlike α-chitin, β-chitin is soluble in
formic acid and swells in water considerably. Chitosan, the
deacetylated product of chitin, is insoluble in organic solvents
and water. It is soluble in aqueous acids owing to the presence
of free amino groups. Some organic acids, such as formic,
acetic, lactic, pyruvic and oxalic acids, are frequently used for
dissolution. Mineral acids such as hydrochloric and nitric acids
also form chitosan solutions, but phosphoric and sulphuric
acids are not suitable.

Biological properties

Chitin and chitosan exhibit a set of unique biological proper-
ties. The major attractions are biocompatibility and acceptable
biodegradation products by virtue of biopolymer origin (28,29).
Enzymatic cleavage by lysozyme results in the formation of
N-acetylglucosamine and glucosamine. Chitin and chitosan
possess excellent antimicrobial properties (30,31). Chitin
products are non-toxic and non-allergic (32). Chitin and its
deacetylated form, chitosan, also exhibit a haemostatic effect
(33–35). It has been shown that poly-N-acetyl glucosamine
produces rapid haemostasis by stimulating erythrocyte aggre-
gation. For chitin, the haemostatic effect is believed to be due to
vasoconstriction and the mobilisation of erythrocytes, clotting
factors and platelets to the site of the injury (36). Chitosan is
a polycation and has agglutinating and binding abilities. Chitin
and chitosan also promote wound healing (37–39) and can be
fabricated as gels, films, fibres, beads, support matrices and in
blends as well. A number of studies have demonstrated that
chitin and its derivatives have antibacterial and painkilling
properties, induce faster wound healing and stimulate the
reconstruction of connective tissue (40–43).

Biomedical applications of chitin and chitosan

Chitin is a unique biopolymer for versatile applications. Many
reviews and articles have been published covering the appli-
cations of chitin and its derivatives in the biomedical field
(44–52). Films, beads, intragastric floating tablets, micro-
spheres and nanoparticles of chitin and its derivatives have
been formulated for use in pharmaceutical field (53–57).
The combination of chitin’s remarkable properties make it
extremely versatile. A wide variety of biomedical applications
for chitin and chitin derivatives have been reported, including
tissue engineering, orthopaedic and periodontal applications,
drug-delivery systems and wound-healing applications.

Tissue engineering applications

Biodegradable polymeric scaffolds are widely used as a tem-
porary extracellular matrix in tissue engineering. Chitin and
chitosan are promising candidate as supporting material for
tissue engineering applications owing to their porous structure,
gel-forming properties, ease of chemical modification and
high affinity to in vivo macromolecules (58–60). There are a
number of reports on the use of chitin and chitosan as scaffold
material in tissue engineering. Chow et al. (61) made a series
of porous chitin matrixes by producing chitin gels from chitin
solutions followed by lyophilisation to give porous chitin
matrixes. Mouse and human fibroblast cell cultures exposed
to these chitin matrixes were found to be growing and prolif-
erating, indicating the feasibility of using these porous chitin
matrixes for cell transplantation applications to regenerate
tissues. Chitosan can be easily processed into porous scaffolds,
films and beads for tissue engineering (62). Kast et al. (63)
showed that chitosan–thioglycolic acid (Chitosan–TGA) con-
jugate is a promising candidate as scaffolding material in tissue
engineering. Synthesis of porous chitosan scaffolds for tissue
engineering have also been reported by Madihally and Matthew
(64). Three-dimensional hydroxyapatite/chitosan gelatin net-
work scaffolds have also been fabricated (65). The scaffold
was demonstrated to be suitable for bone tissue engineering
applications using osteoblast cells. Macroporous chitosan cal-
cium phosphate composite scaffolds have been synthesised and
characterised for tissue engineering by Zhang and Zhang (66).
They showed that the role of chitosan was to provide a scaf-
fold form; on the other hand, calcium phosphates bioactivity
presumably encourages osteoblast attachment and strengthens
the scaffold. The composite scaffold was found to be stronger,
bioactive and biodegradable. Wang et al. (67) have developed
a novel thermally induced phase separation method to prepare
polyglycolic acid PGA-chitosan hybrid matrices using solvents
of low toxicity. The success of seeding cells in this matrix
demonstrated the potential of the matrix as new biomaterial for
tissue engineering. Chung et al. (68) prepared chitosan-based
scaffolds by combining with alginate. Chitosan was modified
with lactobionoic acid to produce galactosylated chitosan,
which was added to cross-linked alginate gel. Hepatocytes
attachment to the alginate-galactosylated chitosan scaffolds
was demonstrated. Feng et al. (69) have also fabricated galac-
tosylated chitosan nanofibrous scaffold by electrospinning
using formic acid solvent for tissue engineering applications.
Injectable chitosan-based hydrogels have been found promis-
ing for cartilage tissue engineering (70,71). Duarte et al. (72)
have reported the preparation of chitosan scaffolds loaded
with dexamethasone for the preparation of a drug-delivery
system for bone tissue engineering purposes. In summary,
studies reporting the application of chitin and chitosan alone
or in combination with other polymers have demonstrated the
significant promise of these biopolymers to tissue engineering.

Orthopaedic and periodontal applications

Chitin’s role in the exoskeleton of crustaceans is analogous to
that of collagen in bone, being the fibrous reinforcement for
the support of inorganic calcium mineral. Therefore, chitin pos-
sesses the inherent physical and biological characteristics that
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may render it useful as a component in hard tissue replacement
material. A number of studies have shown the strong possibili-
ties of using chitin in orthopaedics as an agent that helps bones
to heal. Composites based on polymer matrix–calcium-based
compounds systems have potential use as hard tissue substitute
materials. The advantage of such composites is the enhance-
ment of the osteogenic potential accorded by the calcium com-
pounds and the binder characteristic of the polymer matrix in
inhibiting migration of the calcium compounds. Hydroxyap-
atite or other calcium-containing materials incorporated into
chitin or chitosan have been investigated for orthopaedic or
bone substitution and periodontal applications (73–75). The
combination of polymer with hydroxyapatite has been shown
in vivo to maximise the osteo-conductive behaviour of hydrox-
yapatite, allowing bony ingrowths into the implant to occur as
the matrix is progressively resorbed. Wan et al. (76) combined
chitin with hydroxyapatite to produce a hydroxyapatite–chitin
composite material by dispersing hydroxyapatite in chitin
to give an intimately blended material. Plastic properties of
the polymer favourable for bone substitute applications were
retained. Wan et al. (77) investigated the induction of in situ
calcification by chitin. It was theorised that if chitin was chem-
ically modified with anionic carboxymethyl groups, a chitin
matrix with surface acidic carboxymethyl residues that would
become calcium ions attractor sites could be prepared. Porous
chitin matrixes have also been prepared (78) by freeze-drying
chitin gels followed by chemically modifying their surfaces
with carboxymethyl and phosphoryl (P-chitin) ionic groups.
P-chitosan, in combination with monocalcium phosphate and
calcium oxide, was found suitable as a phosphate cement to
fill bone cavities (79). Histological studies in a rabbit model
suggested biocompatibility, bio-absorbability and osteoinduc-
tivity of P-chitosan–calcium phosphate cement (80). Several
studies have focused on the use of chitosan as a component
in calcium-based cements in the development of bone substi-
tutes. Yokoyama et al. (81) used chitosan as a component of the
liquid phase, which includes citric acid and glucose in combina-
tion with α-tricalcium phosphate and tetra-calcium phosphate
to produce an easily mouldable cement. Sunny et al. (82) have
reported the preparation of hydroxyapatite–chitosan micro-
spheres as potential bone and periodontal filling materials. A
chitosan sponge has also been reported to release a growth fac-
tor suitable for periodontal bone regeneration (83). Chitosan,
both as a carrier in gel form and as an active agent, has been
suggested for the treatment of chronic periodontitis (84). Clin-
ical and radiographic evaluations of chitosan gel in periodon-
tal intraosseous defects demonstrated that chitosan gel alone
or its combination with demineralised bone matrix/collagenous
membrane is promising for periodontal regeneration (85). Chen
et al. (86) studied the effects of chitosan-coated pressed cal-
cium sulphate pellets combined with recombinant human bone
morphogenetic protein-2 in a rabbit femoral condyle-contained
bone defect model. The results indicated that chitosan-coated
pressed calcium sulphate pellets exhibited relatively slower
resorption, which closely coincides with the growth rate of new
bone and enhanced osteogenesis.

Drug-delivery applications

Chitin and chitosan have also received increasing attention
for a wide range of drug-delivery applications (87–90). They
have been used as a carrier for various active agents, includ-
ing drugs and biologics. Chitin and chitosan incorporated
as a component of interpenetrating networks (IPN) has been
one of the approaches. Lee et al. (91) reported the synthesis of
poly(ethylene glycol) macromer and β-chitosan that was subse-
quently cross-linked with a UV-active agent to give semi-IPN
hydrogels. Drug-containing poly(ethylene glycol)/chitosan
microspheres with glutaraldehyde as the cross-linking agent
have also been reported (92). A novel inorganic–organic
pH-sensitive membrane based on an IPN utilising inorganic
silicate and organic chitosan has been proposed for drug
delivery (93). Light-initiated polymerisation of acrylic acid in
the presence of chitosan was used to derive a mucoadhesive
membrane suitable for transmucosal drug-delivery applications
(94). Chitosan–xanthan microspheres that have potential as
drug-delivery systems in simulated gastric and intestinal fluids
has been investigated (95,96). There has also been continued
interest in N-succinyl-chitosan as a possible drug carrier (97).
The in vivo biodisposition was studied using mice to assess the
bioaccumulation at the tumour site as well as elimination of the
chitosan derivative. The loading of a β- emitter onto a chitosan
hydrogel that was, in turn, coated onto a PET balloon surface
has been described (98). Chitosan gels have also been investi-
gated and are shown to be a potentially good delivery system
to the buccal mucosa for protein drugs (99). Chenite et al.
(100) have developed novel injectable solutions comprising
a combination of chitosan with glycerol-phosphate useful for
drug delivery. Zhao et al. (101) have reported chitosan–gelatin
drug-containing films incorporating herbal extract for delivery
in the abdominal cavity. The system has potential for drug
delivery to treat anastomosis and muscle/ tissue healing by
inserting the membrane at the abdominal cavity by surgi-
cal procedure. Chitosan microspheres and nanospheres have
also been formulated for drug delivery (102,103). The use
of chitosan to produce designed nanocarriers and to enable
microencapsulation techniques is under increasing investiga-
tion for the delivery of drugs, biologics and vaccines (89).
Spray drying as a method of preparing chitosan microcores
containing vitamin D2 has also been reported (104). The prepa-
ration of chitosan-based nanospheres has also been performed
by utilising the in situ polymerisation of acrylic acid in the
presence of chitosan (105). An implant controlled-release
system for protein drug delivery based on a polyion complex
device composed of chitosan and sodium hyaluronate has been
reported by Surini et al. (106). Bernardo et al. (107) reported
a bupivacaine-loaded chitosan system as a drug release device
with an analgesic action. Chitosan hydrogel has also been
proposed as a promising carrier for drugs such as fibroblast
growth factor-2 and paclitaxel to control vascularisation (108).
It has also been investigated as a suitable polymer coating
for oral delivery of proteins/peptide drugs (109–112) as well
as immobilisation/delivery of living cells (113,114). The
use of polymeric nanoparticles composed of natural poly-
mers is also an interesting approach in drug delivery, mainly
because of the advantages offered by their small dimensions.
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Chitosan–carrageenan nanoparticles have shown promising
properties that allow them to be used as carriers of therapeutic
macromolecules, with potential application in drug delivery
(115). Hari and Kumpati (90) have reported chitosan-reduced
gold nanospheres as biocompatible, non-toxic nanoconjugates
for targeted drug delivery.

Other biomedical applications

Fibres made of chitin and chitosan are useful as absorbable
sutures. These chitin sutures resist attack in bile, urine and
pancreatic juice, which other absorbable sutures find difficult.
Other medical uses reported for chitin and chitosan are antibac-
terial sponges and hospital dressings, dental plaque inhibition,
artificial blood vessels, inhibition of tumour cells and reduction
of blood cholesterol level (116). Deacetylated chitin, or chi-
tosan, has been shown to aggressively bind to a variety of mam-
malian and microbial cells. This property of chitosan may lead
to a variety of biomedical applications. These possible appli-
cations will use chitosan as a haemostatic, bacteriostatic and
spermicidal agent. Chitosan has also been used as a substitute
for the synthetic polymers in opthalmological applications. Chi-
tosan possess the ideal characteristics, such as optical clarity,
mechanical stability, sufficient optical correction, gas perme-
ability, wettability and immunological compatibility, required
for an ideal contact lens. Antimicrobial and wound-healing
properties of chitosan, along with excellent film-forming capa-
bility, make chitosan suitable for the development of ocular
bandage lens (117). Chitosan can also be used in dental speciali-
ties due to its antibacterial and regenerative-inducing properties
as well as high biocompetency (118). The cationic nature of
chitosan allows it to complex with DNA molecules, making it
an ideal candidate for gene delivery strategies. The ability to
manipulate and reconstitute tissue structure and function using
this material has tremendous clinical implications and is likely
to play a key role in cell and gene therapies (119). Chitosan
oligosaccharides are also a promising candidate for anti-tumour
functional food or pharmaceutical adjuvant in oncotherapy,
especially for patients after surgical resection (120).

Chitin and chitosan have many distinctive bioactive proper-
ties and provide a diverse spectrum of uses in the biomedical
arena. The wound-healing property of chitin and its derivatives
is of immense biomedical and therapeutic significance. Prop-
erties and application of chitin and chitosan for wound healing
are discussed below.

Wound-healing properties of chitin and chitosan

Chitin and chitosan have an accelerating effect on the
wound-healing process. A number of studies have demon-
strated that chitin and chitosan accelerated wound healing in
clinical and veterinary cases, and remedies using chitin and
chitosan for treatment of wounds are being marketed. Chitin
and chitosan have been used as filaments, powders, granules,
sponges or as a composite with cotton or polyester. Non-woven
chitin fabrics and chitin threads are used as artificial skins and
sutures, with the advantages of wound healing, biocompati-
bility and biodegradability. The main biochemical activities
of chitin- and chitosan-based materials in wound healing

are polymorphonuclear cell activation, fibroblast activation,
cytokine production, giant cell migration and stimulation
of type IV collagen synthesis (121). Chitin and chitosan
evidently promote wound healing and enable high-quality
cosmetic restoration (122). The increasing interest in chitin
and its deacetylated forms is due to the biological activity
resulting from its susceptibility to degradation under the influ-
ence of enzymes present in body fluids, such as lysozyme
and N-acetylglucosoaminidase. The degradation products,
called chito-oligomers, are able to stimulate macrophages
and positively influence collagen deposition, thus accelerating
the wound-healing process (123). Chitin’s monomeric unit,
N-acetylglucosamine, occurs in hyaluronic acid, an extracel-
lular molecule that is important in wound repair. Therefore,
chitin possesses the characteristics favourable for promoting
rapid dermal regeneration and accelerated wound healing.
Chitin and chitosan will gradually depolymerise to release
N-acetyl-β-D-glucosamine, which initiates fibroblast prolif-
eration, helps in ordered collagen deposition and stimulates
an increased level of natural hyaluronic acid synthesis at
the wound site. It helps in faster wound healing and scar
prevention. Furthermore, it also possesses other biological
activities and affects macrophage function that helps in faster
wound healing (124). It also has an aptitude to stimulate cell
proliferation and histoarchitectural tissue organisation (125).
A number of studies have confirmed that chitin promotes the
ordered healing of tissues, activates macrophages and works as
a bacteriostatic, anti-stereoporotic and immunoadjuvant agent
(53,126). Chitin and chitosan have a beneficial influence on the
various phases of wound healing, such as fibroplasia, collagen
synthesis and contraction, resulting in faster healing. Enhanced
healing of wounds by chitosan film has been attributed to its
stimulating activity and/or its capacity to stimulate fibroblast
proliferation, resulting in the progression of wound healing
(127). It was reported that chitosan stimulated the migra-
tion of polymorphonuclear as well as mononuclear cells and
accelerated reepithelialisation and normal skin regeneration
(128). Ishihara et al. (129) have demonstrated that the chi-
tosan hydrogel in the presence of foetal bovine serum has
a chemo-attractive ability and stimulates the migration and
proliferation of dermal fibroblast cells. It is possible that the
positively charged chitosan molecules adsorb some substances
involved in cell proliferation and migration, such as growth fac-
tors and cytokines, from blood plasma or exudates in the wound
and that the adsorbed substances stimulate cell proliferation
and migration. Fibroblast growth factor-2 or heparin-binding
epidermal growth factor containing chitosan hydrogel also
showed significant inductions of fibroblast cell migration and
proliferation. In fact, chitosan molecules have been reported
to induce the migration of fibroblasts and inflammatory cells,
which are activated to produce multiple cytokines and accel-
erate wound healing (128,130–132). Furthermore, it has been
observed that chitosan in wound healing in animal studies
stimulated not only the migration and proliferation of fibrob-
lasts (43,133,134) but also the production of collagen (134). It
has also been reported that fibroblasts stimulated by chitosan
molecules secrete interleukin-8, IL-8 (133). IL-8 is known
to be angiogenic and chemo-attractive to both endothelial
and epidermal cells (135). Fibroblasts adhering to a chitosan
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hydrogel may secrete IL-8 and other cytokines, which in turn
could induce angiogenesis, fibrosis and epithelialisation.

Chitin and chitosan wound dressings

Chitin wound dressings

Chitin has been shown to be useful as a wound dressing mate-
rial. Extensive research being conducted is aimed at the wider
use of chitin in wound dressings. Treatment with chitin demon-
strated a substantial decrease in treatment time, with minimum
scar formation in various animals (38). Cho et al. (136) reported
water-soluble chitin, prepared by controlling the degree of
acetylation and molecular weight of chitin through alkaline
and ultrasonic treatment, as a wound-healing accelerator. Chitin
beads with fluid-absorbing properties useful for the absorption
of wound exudates have potential as a component of wound
dressings. Chitin beads were prepared using a non-solvent
coagulant, ethanol, which was subsequently activated to intro-
duce a carboxymethylated surface layer to the chitin beads (40).
Hirano et al. (137) reported the preparation of novel chitin–acid
glycosaminoglycan fibres that released a portion of the gly-
cosaminoglycans in animal body fluids for use as novel biocom-
patible dressing materials in the veterinary and clinical fields.
Chitin fibres containing 5–33% glycosaminoglycans was pre-
pared using sodium N-acetylchitosan salt (alkaline chitin)
mixed with sodium hyaluronate, sodium heparin, sodium chon-
droitin 4-sulfate, sodium chondroitin 6-sulfate or sodium der-
matan sulphate. Dung et al. (138) prepared chitin membranes,
named Vinachitin, by decrystallising ricefield crab shells. A
clinical study of 300 patients demonstrated wound-healing
properties of chitin for deep burns, orthopaedic, trauma and
ulcer conditions. Kifune et al. (139) patented a wound dressing
composed of a non-woven fabric of chitin fibres. The dress-
ing, which was compatible with the living body and had a good
adherence property to the surface of wounds, was found suitable
for the protection of skin defect wounds. Chitin artificial skin,
Beschitin W, has been proven to be beneficial in clinical prac-
tice (140). Ohshima et al. (141) evaluated chitin non-woven
fabric for dressing of donor sites, skin graft areas, raw areas
under pedicle flaps, skin abrasions, burns and skin ulcers in 91
patients. Chitin dressing showed excellent results with regards
to satisfactory pain relief, adherence to the wound and drying
without dissolution or other adverse effects. Pielka et al. (142)
have demonstrated textile dressings containing dibutyrylchitin
or regenerated chitin as valuable dressing materials that acceler-
ate wound healing. Dibutyrylchitin or regenerated chitin caused
no cytotoxic effects or primary irritation and had a positive
influence on the wound-healing process. Jang et al. (143) have
studied the effect of electrospun non-woven mats of dibutryl
chitin/poly(lactic acid) blends on wound healing in hairless
mice. The results demonstrated that dibutryl chitin efficiently
accelerated the proliferation of keratinocytes. Acrylic-grafted
chitin with hydrogel characteristic has also been prepared for
wound dressing application (144). The water sorption ability
and the cytocompatibility suggested chitin poly (acrylic acid)
film as a potential wound dressing. Singh et al. (145) developed
and characterised chitin membranes for wound dressing appli-
cation. The antimicrobial efficacy, fluid-handling properties and

dermal irritancy of the chitin membranes were investigated.
The chitin dressing provided an effective barrier to microbial
penetration and exerted a broad bacteriostatic action against
Gram-positive and Gram-negative organisms. The results sug-
gested chitin membranes as a promising wound dressing mate-
rial with optimal performance characteristics. Singh and Singh
(146) have also reported papain-incorporated chitin dressings
sterilised by gamma radiation. Papain as a proteolytic enzyme
was immobilised using biopolymer chitin for wound debride-
ment application. The effects of a chitin nanofibril-based gel
on the rate and quality of wound healing was investigated in
a clinical model (121). Chitin nanofibril-based gel promoted
rapid and physiological healing of different types of wounds
and prevented hypertrophic scarring and keloid scarring.

Chitosan wound dressings

Chitosan, the partially deacetylated form of chitin, has been
widely studied as a wound dressing material. Healing at
split-skin graft donor sites using chitosan and a conventional
dressing was compared. An observation was made that chi-
tosan facilitated rapid wound reepithelialisation and the regen-
eration of nerves within a vascular dermis. Early returns to
normal skin colour at chitosan-treated areas were demonstrated
(147). Mizuno et al. (148) have demonstrated that chitosan
facilitates wound repair and that the incorporation of a basic
fibroblast growth factor accelerated the rate of healing. Ishi-
hara (42) reported the preparation of a photocrosslinkable chi-
tosan hydrogel through short ultraviolet light irradiation for
application to various kinds of wounds. Application of the pho-
tocrosslinkable chitosan hydrogel on full-thickness skin inci-
sions made on the backs of mice significantly induced wound
contraction and accelerated wound closure and healing com-
pared with the untreated controls (129,149,150). Howling et al.
(151) evaluated the effect of chitin and chitosan on fibroblast
and keratinocyte proliferation. Chitosan with relatively high
degrees of deacetylation strongly stimulated fibroblast prolifer-
ation, while samples with lower levels of deacetylation showed
less activity. Similarly, Chatelet et al. (152) showed that chi-
tosan films were cytocompatible with keratinocytes and fibrob-
lasts and that lowering the degree of acetylation led to improve-
ments in keratinocyte proliferation. Alemdaroglu et al. (153)
investigated burn wound healing in rats with chitosan gel for-
mulation containing epidermal growth factor. Better and faster
epithelialisation was observed in the epidermal growth factor
containing chitosan gel formulation group as compared to sil-
ver sulfadiazine or untreated control groups. A modified chi-
tosan membrane, with antibacterial potential over chitosan,
was prepared by chemical modification to graft extra amine
groups to native chitosan (154). FT-IR analysis and solubil-
ity test confirmed the occurrence of amination process. Using
glycerol as a plasticiser improved the surface roughness, water
uptake, water vapour permeability and the mechanical proper-
ties of aminated chitosan membranes for use as wound dress-
ing. Ong et al. (155) have developed a chitosan-based wound
dressing with potent haemostatic and antimicrobial properties.
A composite film consisting of chitosan and chitin nanofibres
with improved tensile strength and elasticity has been reported
for wound-healing applications (156). The tensile strength of
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the chitosan films was increased up to a significant level by
incorporating chitin nanofibres without appreciable change in
water vapour permeability. Khan and Peh (157) investigated
the wound-healing efficacy of two chitosan films in compari-
son with a commercial preparation, Omiderm® (Omikron Sci-
entific Ltd., Rehovot, Israel), using punch biopsy wounds in
rats. The two chitosan films and Omiderm® films were com-
parable in terms of transparency, flexibility, adherence prop-
erty, ease of film removal from wounds without damaging
underlying tissues and fluid accumulation. The chitosan films
were able to promote wound healing with minimal scar forma-
tion. Qin (158) studied chitosan wound dressings with different
degrees of acetylation for the absorption capacity and antimi-
crobial properties, as well as the dry and wet strength. Par-
tially acetylated chitosan wound dressing had a much higher
absorption capacity than the original untreated chitosan sam-
ples, while there was a reduction in the wet strength and antimi-
crobial property for the partially acetylated chitosan non-woven
dressing. Biagini et al. (159) developed a chitosan derivative,
N-carboxybutyl chitosan, used in dressing for treating plastic
surgery donor sites. The solution of N-carboxybutyl chitosan
was dialysed and freeze-dried to produce a soft and flexible pad,
which was sterilised and applied to the wound. They reported
that N-carboxybutyl chitosan leads to the formation of regu-
larly organised cutaneous tissue and reduces anomalous heal-
ing of donor sites in patients undergoing plastic surgery. Com-
pared to control donor sites, better histoarchitectural order, bet-
ter vascularisation and the absence of inflammatory cells were
observed at the dermal level. Chen et al. (160) studied the effect
of carboxymethyl chitosan on proliferation and collagen secre-
tion of normal and keloid skin fibroblasts. Carboxymethyl chi-
tosan promoted the proliferation of the normal skin fibroblast
significantly but inhibited the proliferation of keloid fibrob-
last. Ribeiro et al. (161) evaluated the applicability of chitosan
hydrogel for the treatment of dermal burns through the induc-
tion of full-thickness transcutaneous dermal wounds in Wis-
tar rats. Macroscopic and histological analysis demonstrated
the role of chitosan hydrogel in the re-establishment of skin
architecture.

Chitin/chitosan – polymer composite wound dressings

Chitosan has been surface-reacted with polyanion aqueous
solutions to give polyelectrolyte complexes. Yan et al. (162)
prepared chitosan–alginate polyelectrolyte complex (PEC)
films and evaluated them as potential wound dressing mate-
rials. The PEC films exhibited good in vitro biocompatibility
with mouse and human fibroblasts. These water-insoluble but
biodegradable chitosan–alginate polyelectrolyte membranes
displayed greater stability to pH changes and were more effec-
tive as controlled-release membranes than either the chitosan
or alginate separately (163). The chitosan, in combination
with alginate as PEC films, were found to promote accelerated
healing of incisional wounds in a rat model compared with
conventional gauze dressing. The closure rate and appearance
of PEC membrane-treated wounds were comparable with
Opsite1-treated wounds (164). Mature epidermal architecture
with a keratinised surface of normal thickness and a subsided
inflammation in the dermis was observed. Chitosan–alginate

PECs, prepared in situ in beads and microspheres, cast as films
showed good wound dressing capability (163). The potential
application of chitosan–cellulose blends as wound dressing
is reported (165–167). As an effective wound dressing agent
with antibacterial properties, chitosan–cellulose blend mem-
branes have been prepared. They may protect wounds from
excessive dehydration and infection (168). Dressing sponges
based on chitosan and chitosan–alginate fibrids with physical
(absorption ability) and biological features (cytotoxic and
haemostatic properties) suitable for the healing of wounds at
different phases have been prepared (169). De Castro et al.
(170) have studied the efficacy of modified chitosan sponge
dressing in a lethal arterial injury model in swine. Hydropho-
bically modified chitosan sponge was found to be superior to
unmodified chitosan sponges or standard gauze for controlling
bleeding. Sparkes and Murray (171) developed a surgical
dressing comprising a blend of chitosan and gelatin in a weight
ratio of about 3:1–1:3. A claim was made that in contrast to the
conventional biological dressings, this experimental dressing
displayed excellent adhesion to subcutaneous fat. The dressing
was particularly useful for the protection of wounds during the
healing process. A series of toxicological evaluations, antibac-
terial properties and animal wound model studies have testified
the safe reliability, antibacterial property and wound-healing
ability of the chitosan–gelatin sponge wound dressing for
clinical application (172). Keratin–chitosan composite films,
as well as chitosan films, were found to support fibroblast
attachment and proliferation, suggesting a role in wound
healing (173).

Poly (vinyl alcohol) sponges containing chitooligosaccha-
ride have been found to be very effective as a wound-healing
accelerator in the early stage of wound healing (174). The
wound in rats, as investigated by macroscopic examination and
measurement of wound area, was almost reepithelialised and
granulation tissues in the wound were considerably replaced by
fibrosis at 8 days after initial wounding. Semi-interpenetrating
polymer networks composed of chitosan and poloxamer
have also been prepared for wound dressing application
(175). The wound-healing efficacy of chitosan/poloxamer
semi-interpenetrating polymer networks as a wound dressing
was demonstrated on experimental full-thickness wounds in
a mouse model. Chen et al. (176) have fabricated compos-
ite nanofibrous membranes of type I collagen, chitosan and
polyethylene oxide by elecrtospinning, which could be further
cross-linked by glutaraldehyde vapour. The membranes showed
no cytotoxicity towards growth of 3T3 fibroblasts and had good
in vitro biocompatibility. Animal studies demonstrated a better
wound-healing rate with an electrospun matrix compared to
gauze and commercial collagen sponge wound dressing. Xu
et al. (177) have demonstrated a chitosan–hyaluronic acid
hybrid film as an inexpensive wound dressing with good
properties for practical applications. Chitosan-containing
polyurethane and N-isopropylacrylamide thermosensitive
membrane has also been evaluated as a wound dressing. The
membranes exhibited very low cytotoxicity, could support
cell adhesion and growth and had antibacterial ability (178).
Kang et al. (179) evaluated the effect of chitosan-coated poly
(vinyl alcohol) nanofibres on open wound healing in mice.
The histological examination and mechanical stability revealed
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the chitosan-coated poly (vinyl alcohol) nanofibrous matrix
to be more effective as a wound-healing accelerator in the
early stages of wound healing than the heat-treated poly (vinyl
alcohol) nanofibrous matrix. Chitosan/polyamine biopolymers
have also been used to treat cotton dressings for antimicrobial
properties (180). Chitosan and polyvinyl amine had a synergis-
tic bacteriostatic effect on the treated cotton wound dressing.
Abdel-Mohsen et al. (181) fabricated non-woven microfibre
mats as wound dressing using chitin/chitosan–glucan com-
plex isolated from Schizophyllum commune. The biological
activity of the non-woven fabric was tested against different
types of bacteria, exhibiting excellent antibacterial activity.
Chitin/chitosan–glucan wound dressing also exhibited excel-
lent surgical wound-healing ability when tested using rat
models. Chitosan–gelatin sponge was prepared using a chi-
tosan/ascorbic acid solution blend containing gelatin, followed
by cross-linking with tannin acid and freeze-drying (182).
Chitosan–gelatin sponge loaded with platelet-rich plasma
resulted in accelerated healing of skin wounds. Chitin–chitosan
membrane has been designed for clinical duroplasty and exhib-
ited the ability to support cell growth and inhibit microbial
growth (183).

Antimicrobial wound dressings

Chitin- and chitosan-based wound dressings incorporating
antimicrobial agents have also been developed. β-chitin was
combined with polyethylene glycol to form a partial gel (184).
Silver sulfadiazine was then added to the partial gel, with
subsequent precipitation in a non-solvent, producing the com-
bination gel that was finally freeze-dried to give the dressing.
Animal studies carried out to evaluate the wound-healing effect
of β-chitin-based semi-interpenetrating polymer networks
confirmed the proliferation of fibroblasts in the wound bed and
a distinct reduction in infectious cells. Sponge-like asymmetric
chitosan membrane fabricated by the immersion-precipitation
phase-inversion method was evaluated as wound covering
(185). The membrane showed controlled evaporative loss and
excellent oxygen permeability and promoted fluid drainage
ability. Histological examination revealed that the epithelial-
isation rate was increased, and the deposition of collagen in
the dermis was well organised by covering the wound with
this asymmetric chitosan membrane. The bi-layer chitosan
wound dressing was found suitable for use as a topical deliv-
ery method of silver sulfadiazine for the control of wound
infections (103). Silver sulfadiazine dissolved from bi-layer
chitosan dressings to release silver and sulfadiazine. The
release of sulfadiazine from the bi-layer chitosan dressing
displayed a burst release on the first day and then tapered
off to a much slower release. However, the release of silver
from the bi-layer chitosan dressing displayed a slow release
profile with a sustained increase of silver concentration. In
vivo antibacterial tests confirmed that this wound dressing
is effective for long-term inhibition of the growth of Pseu-
domonas aeruginosa and Staphylococcus aureus at an infected
wound site. Singh and Singh (186) have developed chitin
membranes containing silver nanoparticles for wound dressing
application. Silver nanoparticles were synthesised by gamma
irradiation in the presence of sodium alginate as a stabiliser.

The chitin membranes with nanosilver showed promising
antimicrobial activity against common wound pathogens. The
effect of gamma radiation on the structural and functional char-
acteristics of the chitin–nanosilver membranes was evaluated
(187). The antimicrobial efficacy and impermeability of the
chitin–nanosilver membranes was not affected by gamma irra-
diation. Vimala et al. (188) have reported fabrication of porous
chitosan films impregnated with silver nanoparticles for wound
dressing and antibacterial application. A three-step process
consisting of silver ion–poly (ethylene glycol) matrix prepara-
tion, addition of chitosan matrix and removal of poly (ethylene
glycol) from the film matrix was used. Madhumathi et al.
(189) have also reported the development of chitin/nanosilver
composite scaffolds. The antibacterial, blood clotting and
cytotoxicity studies suggested that chitin/nanosilver compos-
ite scaffolds could be used for wound healing applications.
Wound dressing composed of nanosilver and chitosan was
evaluated for treatment of deep partial-thickness wounds, with
silver sulfadiazine and chitosan film dressings as controls
(190). Compared with the controls, the silver nanocrys-
talline chitosan dressing significantly increased the rate
of wound healing and was associated with silver levels in
blood and tissues lower than levels associated with the sil-
ver sulfadiazine dressing. The study demonstrated the wide
application of silver nanocrystalline chitosan wound dressing
in clinical settings. In vitro cytotoxicity of chitosan–silver
composite for potential wound management applications has
been reported to be within the acceptable range for human
use (191).

Loke et al. (192) have developed a non-adherent wound
dressing with sustained antimicrobial capability for treating
mustard burn-induced septic wound injuries. The dressing
consists of a carboxymethyl chitin hydrogel and a chitosan
acetate foam incorporated with the antimicrobial agent. The
bi-layered dressing was fabricated by combining two separate
films, a carboxymethylated chitin hydrogel, which provided
the exudate-absorbing component, pressed together with a
chlorhexidine-loaded chitosan film. Chlorhexidine-containing
chitosan-based wound dressing displayed antibacterial effi-
cacy towards the primary wound bed bacteria, Pseudomonas
aeruginosa and Staphylococcus aureus. When placed on open
wounds, this dressing serves the dual function of controlling
fluid and heat loss from the wound and acting as prophylaxis
against wound sepsis. Because the antimicrobial effects are
derived directly from the dressing, frequent changes of the
dressing material to re-apply antimicrobial creams or ointments
is minimised, and wound healing is expedited. Muzzarelli
et al. (193) prepared formulations including chitin nanofib-
rils, chitosan glycolate, and chlorhexidine as spray, gel and
gauze. The gauze included non-woven dibutyryl chitin as a
biocompatible support and was used to treat 75 patients for
a variety of traumatic wounds, with good results in all cases.
The spray could be used as a first-aid tool on bleeding abra-
sions, and the gel enhanced physiological repair and was rec-
ommended for areas within thin epidermal layers. Chitosan
wound dressing loaded with minocycline has also been sug-
gested as a useful formulation for the treatment of severe burn
wounds (194).
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Dressings based on fungal chitin

Fungal mycelia as the source of chitin and their application
as a skin substitute for wound healing have also been inves-
tigated (195). A weavable skin substitute (Sacchachitin) from
the residual fruiting body of Ganoderma tsugaue was devel-
oped by first processing the mycelia to remove protein and
pigments followed by the isolation of fibres in the 10–50 μm
diameter range and final consolidation into a freeze-dried mem-
brane under aseptic conditions. Su et al. (196) observed that the
sacchachitin membrane significantly enhanced the proliferation
and migration of fibroblast cells. The in vitro cell culture using
rat fibroblast and in vitro immunogenicity evaluations indicated
that sacchachitin was a safe biomaterial for use as a wound
dressing for skin healing (197). Its promoting action for wound
healing might be due to its chemotactic effect for inflamma-
tory cells, which in turn may facilitate subsequent angiogenesis,
granulation tissue formation and faster new tissue formation. A
research group at the British Textile Technology Group (BTTG)
have also investigated the potential application of fungal fila-
ments in wound management (198,199).

Commercial dressings

Few commercial dressings based on chitin and chitosan are
available in the market (169,200,201). Chitin dressings in
sponge form (Chitopack S®), non-woven dressing made of
chitin-modified PET (Chitopack P®) and cotton–chitosan
non-woven dressing (Chitopack C®) are commercial wound
remedies offered by Eisai Co. in Tokyo, Japan. The Japanese
concern Unitika Co. sells a non-woven dressing made of
chitosan fibres (202). Beschitin ®, Unitika (Osaka, Japan),
which is a non-woven fabric manufactured from chitin fila-
ments, is also commercially available in Japan. The dressing
Beschitin is recommended for the successful and fast healing
of burns, skin abrasions, postoperative wounds, bed sores,
ulcers and several other injuries. The American firm 3 M offers
a chitosan preparation in gel Tegasorb® (3M Health Care,
St. Paul, MN) or hydrocolloid form Tegaderm®, (3M Health
Care, St. Paul, Minnesota, USA), designed for the healing
of wide internal wounds (202). In 2002, a chitosan dressing
HemCon Bandage™ for battlefield use was devised by Tricol
Biomedical Inc. (Portland, OR) in a joint effort with the U.S.
Army. The HemCon Bandage is a pliable, sterile, chitosan
dressing capable of stopping severe external haemorrhage
following trauma and penetrating injury. The bandage was the
result of a 3-year collaborative effort to address the leading
cause of battlefield mortality bleeding. The HemCon Bandage
controls bleeding by becoming extremely sticky when in con-
tact with blood, and this adhesive-like action seals the wound.
The HemCon Bandage is even effective on high- pressure,
high-flow arterial bleeds. The HemCon Bandage has been
demonstrated to act as an effective barrier between an open
wound and dangerous bacteria. It gained importance following
the Iraqi war and terrorist threat. After testing at the US Army
Institute of Surgical Research, the Brooke Army Medical
Center and the Oregon Medical Laser Center, it was included
in US Army equipment. HemCon was used by US forces in
Iraq and Afghanistan, and an assessment of 64 cases of military
use indicates that it has been successful in 97% of instances

(203). A study of HemCon application by civilian EMS found
that it controlled bleeding in 27 of 34 (79%) cases (204).
Another advantage of chitosan is that its polycationic nature
at acidic pH (like in HemCon bandages, which include acetic
acid) allows it to disrupt the membranes of Gram-negative
bacteria, giving it natural antimicrobial properties (205,206).
Small pieces of HemCon bandage applied to mouse wounds
contaminated with bacteria were highly microbicidal and
prevented bacterial access to the bloodstream and subsequent
death from sepsis (207,208). One of the most prominent chitin
dressings is the Rapid Deployment Hemostat (RDH) Bandage
made by Marine Polymer Technologies, USA in collaboration
with the office of Naval Research for the treatment of bleeding
because of extremity trauma (208). It is intended as both a
battlefield and civilian severe trauma wound dressing. RDH
applied to splenic lacerations in swine led to coagulation in
23 seconds, significantly faster than the 173 seconds with
fibrin glue (210). Also available is a chitosan-modified cellu-
lose non-woven dressing under the trade name Syvek Patch
(Marine Polymer Technologies, Danvers, MA) (211). Clo-Sur
PAD (Medtronic-Scion, Miami, FL), Chito-Seal (Abbott, Lake
Forest, IL), the M-Patch and Trauma DEX (Medafor, Min-
neapolis, MN) are the other haemostatic dressings containing
chitin and chitosan as bioactive agents.

Conclusion

Chitin and chitosan possess inherent biological characteristics
that render them useful as a wound-healing material. A num-
ber of studies have shown strong possibilities of using chitin
in wound management. Processing chitin and its derivatives
into films and fibres is a promising direction in the practi-
cal application of these polymers. Chitin and its derivatives
are potential polymers to make dressings for burns, surface
wounds and skin graft donor sites to accelerate healing. Accord-
ingly, chitin and its derivatives have received increasing atten-
tion for a wide range of wound healing applications. Inter-
est in this abundant biopolymer has increased enormously in
recent years. The research activity for chitin is now surpris-
ingly high worldwide in both academia and industry, as evi-
denced by the rapid increase in the numbers of relevant research
papers and patents. Consequently, basic and applied research
has made great progress, and it is evident that chitin and
chitosan exhibit an unlimited application potential for use in
wound care. Studies reported on the application of chitin and
chitosan demonstrate significant promise of these biopolymers
for wound management.
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van Dam JEG, Ciechańska D. Chitin and chitosan as functional
biopolymers for industrial applications. In: Navard P, editor. The
European Polysaccharide Network of Excellence. Vienna: Springer,
2013:329–73.

202. Muzzarelli RAA. Chitins and chitosans for the repair of wounded
skin, nerve, cartilage and bone. Carbohdr Polym 2009;76:167–82.

203. Wedmore I, McManus JG, Pusateri AE, Holcomb JB. A special report
on the chitosan-based hemostatic dressing: experience in current
combat operations. J Trauma 2006;60:655–8.

204. Brown MA, Daya MR, Worley JA. Experience with chitosan dress-
ings in a civilian EMS system. J Emerg Med 2009;37:1–7.

205. Tsai GJ, Su WH. Antibacterial activity of shrimp chitosan against
Escherichia coli. J Food Prot 1999;62:239–43.

206. Rabea EI, Badawy MET, Stevens CV, Smagghe G, Steurbaut W.
Chitosan as antimicrobial agent: applications and mode of action.
Biomacromolecules 2003;4:1457–65.

207. Burkatovskaya M, Tegos GP, Swietlik E, Demidova TN, Castano AP,
Hamblin MR. Use of chitosan bandage to prevent fatal infections
developing from highly contaminated wounds in mice. Biomaterials
2006;27:4157–64.

208. Burkatovskaya M, Castano AP, Rice TND, Tegos GP, Hamblin MR.
Effect of chitosan acetate bandage on wound healing in infected and
noninfected wounds in mice. Wound Repair Regen 2008;16:425–31.

209. Vournakis JN, Demcheva M, Whitson AB, Finkielsztein S, Connolly
RJ. The RDH bandage: hemostasis and survival in a lethal aortotomy
hemorrhage model. J Surg Res 2003;113:1–5.

210. Chan MW, Schwaitzberg SD, Demcheva M, Vournakis SJ, Finkiel-
sztein S, Connolly R. Comparison of poly-N-acetylglucosamine
(P-GlcNAc) with absorbable collagen (Actifoam), and fibrin sealant
(Bolheal) for achieving hemostasis in a swine model of splenic hem-
orrhage. J Trauma 2000;48:454–7.

211. Fischer TH, Connolly R, Thatte HS, Schwaitzberg SS. Comparison of
structural and hemostatic properties of the poly N-acetylglucosamine
Syvek patch with products containing chitosan. Microsc Res Tech
2004;63:168–74.

© 2017 Medicalhelplines.com Inc and John Wiley & Sons Ltd 1289

https://doi.org/10.1007/s10856-017-5845-3 (online)

