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Abstract This chapter provides insight into the functionalization of chitin and
chitosan for general and specific-purpose wound dressings, such as hemorrhage,
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infected, burn, and diabetic ulcer wounds. The understanding of different kinds of
wounds, wound healing process, and factors affecting wound healing is essential for
the design of well-functioning biomaterials as well as the fabrication of wound
dressings. Functionalization of chitin/chitosan, including physical and chemical
modification to form functional wound dressings for specific purposes, is described
in this chapter.

Keywords Chitin - Chitosan - Functionalization - Modification - Regeneration -
Wound dressing - Wound healing

1 Introduction

Skin is the largest organ in our body and serves its primary function as a protective
barrier against external impacts. Wounds can present a cause of serious illness and
mortality in everyday pathology [1, 2], and so can require complicated clinical
intervention. Wounds can be categorized into acute and chronic wounds according
to the duration of their healing [3, 4]. The healing of acute wounds proceeds via the
normal healing pathway with both anatomical and functional restoration. Acute
wounds can be caused by a traumatic loss of tissue, surgical procedure, abrasions,
or even laceration (deep cuts on the skin) associated with infection [3—5]. Chronic
wounds are associated with diseases, such as diabetic and pressure ulcers [3—5], and
can be defined as hard to heal wounds. The current potential wound healing
approaches are based on autograft, allograft, cultured epithelial autograft, and
wound dressing [6]. Wound dressings function to preserve hydration within the
wound in order to optimize regeneration, protect against infection, and avoid
disruption of the wound base.

An ideal wound dressing should absorb exudates, maintain a moist environment
at the wound interface, act as a barrier to microorganisms, and be breathable or allow
gaseous exchange. It also should be non-allergenic, non-toxic, and non-adherent so
as to be easily removable without trauma. Many polymeric materials have been
investigated for the purpose of wound dressings, including synthetic polymers, such
as polyurethane [7, 8], polycaprolactone [9, 10], poly(lactic acid) [11, 12], polyeth-
ylene glycol (PEG) [13, 14], silicone rubber [15, 16], etc., as well as natural or
bio-based polymers. Increasing attention has been paid to biopolymer-based wound
dressing materials because of their inherent properties, such as biocompatibility,
biodegradability, hemostatic activity, moist maintaining ability, and the ability to
support tissue regeneration and differentiation, leading to an accelerated wound
healing [17]. Most of the currently available biodegradable polymer-based wound
dressings are made from chitin/chitosan [18, 19], hyaluronic acid [20, 21], collagen
[22, 23], alginate [24, 25], and so on.

Interestingly, chitin and chitosan have a high potential for wound healing appli-
cations because of their prominent properties, such as exudates absorbability,
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stimulating hemostasis, and accelerating tissue regeneration [26]. Chitin, [B-(1-4)-2-
acetamido-2-deoxy-D-glucose], is the second most abundant natural polysaccharide
after cellulose and occurs in nature as ordered crystalline microfibrils forming
structural components in the exoskeleton of arthropods, mostly in crabs and shrimp
shells [27]. Chitin also can be found in the cell walls of fungi and yeast
[27]. Chitosan, [B-(1-4)-2-amino-2-deoxy-D-glucose] is the N-deacetylated deriva-
tive of chitin. Chitin can be extracted by decalcification and deproteinization, while
chitosan is obtained by deacetylation of chitin. Therefore, chitin and chitosan are
commonly copolymers categorized by degree of acetylation (DA) or degree of
deacetylation (DD) representing the amount of N-acetyl glucosamine and N-glucos-
amine in their monomeric unit.

The N-acetyl glucosamine present in chitin and chitosan is structurally like
hyaluronic acid, an extracellular matrix (ECM) component of dermal tissue that is
essential for wound repair [28]. Since chitin and chitosan are biodegradable,
non-toxic, and biocompatible, they also have received considerable attention in
various fields of biomedical and pharmaceutical applications. The monomeric struc-
ture of chitin and chitosan is presented in Fig. 1.

Owing to their structures, chitin and chitosan are multifunctional polymers and
amenable to chemical modification. Chitin has primary and secondary hydroxyl
groups at the C-6 and C-3 positions, respectively, and acetamido groups at the C-2
position, while chitosan has amino groups at C-2 position. Due to the availability of
the free amino groups in chitosan, it can be protonated and carries a positive charge.
Considering its biodegradability, chitin and chitosan are metabolized by the human
enzyme lysozyme, making it biodegradable. The biodegradation activity by lyso-
zyme is mainly controlled by the DA or DD and also by the distribution of N-
acetylglucosamine residues as well as molecular weight (MW) [29]. Chitin and
chitosan are degraded into oligosaccharides of variable length and are non-toxic in
nature. These oligosaccharides can be introduced in the metabolic pathways and
degraded into N-glucosamine and N-acetylglucosamine. The amino sugar of N-
glucosamine can be incorporated into the glycosaminoglycan (GAG) and glycopro-
tein pathways or otherwise excreted from the system [30]. N-Acetyl glucosamine
also initiates fibroblast proliferation, supports an ordered collagen deposition, and
stimulates an increased level of natural hyaluronic acid synthesis at the wound site,
leading to faster wound healing and scar prevention [31]. Besides, chitin and
chitosan can be fabricated in various forms, such as hydrogels, membranes, fibers,
electrospun mats, sponges, scaffolds, and so on.
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In order to design effective chitin and chitosan wound dressings, this chapter
gives information on the wound healing process and factors effecting wound healing
in Sect. 2, the fabrication methods of chitin and chitosan wound dressings in Sect. 3,
commercially available chitin- and chitosan-based wound dressings in Sect. 4, and
the physical and chemical modification of chitin and chitosan (Sect. 5) for making
functional wound dressings, such as hemostatic, antimicrobial, burn, and diabetic
ulcer wound dressings in Sect. 6.

2 Wound Healing Process and Factors Effecting Wound
Healing

A wound is defined as a damage or destruction to the normal anatomical structure,
biological feature, and function [3]. For skin, the damage can range from a simple
tear of the skin surface or deep cuts into the subcutaneous tissue with damage to
other surrounding tissues, such as muscles, tendons, vessels, nerves, and bone
[5]. Wound healing is a complex and dynamic process starting at the moment of
injury. The mechanism underlying this process consists of four continuous,
overlapping, and precise programmed phases [5, 32]: (1) hemostasis and coagula-
tion, (2) inflammation, (3) proliferation, and (4) remodeling. The normal wound
healing process and biological events are schematically presented in Fig. 2. The
individual phases are described below. In addition, those wound healing phases
involve multiple cell types, synthesis of the extracellular matrix (ECM) proteins, and
the action of mediators including growth factors and cytokines. Therefore, the
bio-physiological events and major factors mediating the wound healing process
are summarized in Table 1.

2.1 Hemostasis and Coagulation Phase

This phase begins immediately after injury and serves to prevent bleeding, protect
the vascular system to allow it to close intact, and provide a matrix for combating
invasive cells in the later phase [3, 5]. The injured vessels lightly close due to the
contraction of vascular smooth muscle cells. However, the vascular smooth muscle
can prevent bleeding only for a few minutes and bleeding resumes again due to the
hypoxia and acidosis in the wound wall. Therefore, the coagulation mechanism is
activated with platelet aggregation and clot formation to limit bleeding. The platelets
and blood components come into contact with the exposed collagen and other ECM
components triggering the release of clotting factors (comprised of fibronectin,
fibrin, vitronectin, and thrombospondin) [33], which leads to the formation of a
blood clot. Numerous proteins are contained in the a-granules of platelets: platelet-
derived growth factor (PDGF), transforming growth factor (TGF), platelet factors,
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Table 1 Bio-physiological events and major factors mediated normal wound healing

Phase Bio-physiological events [32] Major mediated factors
Hemostasis 1. Vascular contraction PDGF, TGF, IL-1, PDAF
2. Platelet aggregation VEGF, EGF, IGF
3. Blood clot formation Fibronectin
Inflammation | 1. Neutrophil infiltration TGF, FGF, collagenase
2. Monocyte infiltration and differentiation to mac- | IL-1, IgG
rophage
3. Lymphocyte infiltration
Proliferation | 1. Re-epithelialization PDGF, TGF, FGF, VEGF
2. Angiogenesis
3. Collagen synthesis
4. GTF (ECM formation)
Remodeling | 1. Collagen remodeling PDGF, TGF, FGF
2. Vascular maturation and regression

interleukin (IL)-1, platelet-derived angiogenesis factor (PDAF), vascular endothelial
growth factor (VEGF), epidermal growth factor (EGF), insulin-like growth factor
(IGF), and fibronectin [34]. These molecules promote the activities of neutrophils,
macrophages, endothelial cells, and fibroblasts in later phase.

2.2 Inflammatory Phase

The second (inflammatory) phase aims to establish an immune barrier against
invading microorganisms. The early inflammatory phase initiates the infiltration of
the wound sites by neutrophils. Neutrophils function to prevent infection by remov-
ing foreign substances, bacteria, and tissue debris via phagocytosis. The redundant
neutrophils after completing the task of phagocytosis are eliminated to the wound
surface by apoptosis without potentiating the inflammatory response or damaging
the tissues [35]. Initially, blood monocytes undergo differentiation with phenotypic
changes to become macrophages on arrival into the wound. Macrophages appear at
wound sites in the late inflammatory phase to continue the process of phagocytosis
of apoptotic cells, including neutrophils [35], and so pave the way for the resolution
of inflammation. The infiltrating macrophages also provide an abundant amount of
potent tissue growth factors and mediators, such as TGF, collagenase, and fibroblast
growth factors (FGFs) to stimulate keratinocytes, fibroblasts, and endothelial cells to
proliferate, and so promote tissue regeneration [36] towards the end of this second
phase and into the third (proliferative) phase.

Lymphocytes, which are the last cells to enter the wound site, arrive during the
late inflammatory phase by chemotactic attraction to IL-1 and the breakdown
products of immunoglobulin G (IgG) [35, 37]. The IL-1 plays a vital role in
collagenase regulation, being needed for collagen production and degradation of
the ECM components, and regulating wound healing [35, 37]. If the wound is
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associated with various pathological alterations, including an increased protease
activity and infection, the inflammation may persist for months or years and it is
then classified as a chronic wound.

2.3 Proliferative Phase

The proliferative phase generally follows and overlaps with the inflammatory phase,
and starts with fibroblast migration induced by the action of TGF and PDGF and
deposition of a newly produced ECM, leading to the replacement of the temporary
matrix composed of several proteins of fibronectin, hyaluronan, GAG, proteogly-
cans, and types I and III collagen [5, 32, 37]. Therefore, the granulation tissue
formation (GTF) and wound contraction can be seen macroscopically in this phase
of the wound healing process. Endothelial cells are responsive to numerous angio-
genic factors, including FGF, PDGF, VEGF, and TGF, to regenerate epithelial tissue
(re-epithelialization) and restore the vascular network [5, 6]. Keratinocytes are
involved in repairing the epidermal barrier, while endothelial cells and fibroblasts
are responsible for angiogenesis and GTF as part of the ECM formation [5, 6].

2.4 Remodeling Phase

The remodeling phase involves reorganization and contraction of the newly formed
ECM as well as scar formation [5, 6, 37] and may last for several years. This phase is
controlled by regulatory mechanisms that are designed to maintain a balance
between synthesis and degradation, leading to normal healing. This process is
regulated by a number of factors, including PDGF, TGF, and FGF [5].

It should be noted that exogenous and endogenous factors can modulate such
events and influence the healing process. Especially, systemic disorder diseases,
including diabetes, immunosuppression, and venous stasis, may disturb the process
of wound healing, resulting in chronic or non-healing wounds [5]. In addition,
external agents, such as the utilization of corticosteroid, inflection, smoking, alcohol
consumption, stress, etc., can hinder the early closure of the wound [32, 38]. These
complicating factors may also cause the appearance of keloids and hypertrophic
scars [38].

Keloids and hypertrophic scars are fibroproliferative disorders of the skin that
result from abnormal healing of injured or irritated skin. They can be called
pathological or inflammatory scars. A hypertrophic scar occurs directly after the
initial repair and develops into thick skin that does not spread beyond the original
wound, whilst a keloid may occur after healing and continues to grow and spread,
invading the surrounding healthy tissue. Tension on the skin around the wound
results in prolonged and/or repeated inflammation and generates abnormal numbers
of blood vessels as well as collagen and nerve fibers in the dermal reticular layer
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[39]. The mechanobiology of the dermis and blood vessels, along with genetic and
systemic factors, are possible factors that promote pathological scar development by
inducing endothelial dysfunction (vascular hyperpermeability) during the inflamma-
tory stage of wound healing. The continued presence of these factors prolongs the
influx of inflammatory cells and factors, thereby leading to fibroblast dysfunction
[39]. A scar is formed from the overgrowth of granulation tissue (proliferation of
collagen fibers).

3 Fabrication of Chitin/Chitosan Wound Dressings
in Various Forms

Chitin and chitosan have been widely used in many fields of biomedical applications,
such as tissue engineering, drug carriers, and wound dressings, because of their
processibility into various forms. The fabrication of chitin/chitosan wound dressings
has been performed in different processes depending on the specific purpose. Chitin
and chitosan can be formed into various forms, including hydrogels, membranes,
scaffolds, hydrocolloids, and so on, by many methods or processing techniques. Chitin
is insoluble in common organic solvents as a direct result of the strong intra- and inter-
molecular hydrogen bonding, while chitosan can be dissolved in dilute acid, making
chitin less processable. However, chitin is more favorable than chitosan in certain
applications, especially in the biomedical fields. This is because of the fact that the
acetamide group present in chitin is similar to the amide linkage of protein in living
tissues [40], which makes chitin more biocompatible than chitosan. This chapter
describes briefly the main fabrication techniques used for making chitin-/chitosan-
based wound dressings for different applications.

3.1 Hydrogels

Hydrogels are interesting for biomedical applications because of their high-water
absorbability and biocompatibility. Progress in the synthesis and designing of
hydrogels for wound healing has advanced. Hydrogels can absorb tissue extrudates,
provide a moist environment to prevent wound dehydration, and allow transporta-
tion of oxygen [41]. The most commonly used fabrication methods for chitin- and
chitosan-based hydrogels are described as follows.

3.1.1 Chitin-Based Hydrogel

Fabrication of a chitin hydrogel is difficult because of the limited solubility of chitin,
making it hard to perform further processing [42]. Among many attempts, chemical
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modification of chitin with various chemical reagents to substitute hydrophilic
groups onto the surface of the chitin chains seems to be a promising method to
enhance its water sorption ability and solubility [43]. Modification of chitin has
mostly been performed in a sodium hydroxide (NaOH)/urea solvent system, and
then reacted with other reagents, such as acrylamide [42], propylene oxide [44], and
2-aminoethyl chloride hydrochloride (2-AECH) [45]. Typically, chitin or chitin
derivatives were cast in a container and allowed to form a gel, perhaps with the
addition of some crosslinkers or physical polymerization.

3.1.2 Chitosan-Based Hydrogel

Fabrication of a hydrogel from chitosan is more attractive than that from chitin due to
the N-deacetyl groups or amino groups of chitosan, making chitosan more hydro-
philic than chitin and so it is easy to dissolve in dilute acid. In order to prepare the
chitosan hydrogel, most methods have started from chitosan dissolved in acetic acid
[46—48]. The addition of additives or bioactive substances into the hydrogel can
improve the physiochemical and biological properties of the chitosan hydrogel for
specific purposes. Some drugs or hormones, such as thyroxine [46], heparin, and
bemiparin [47], have been loaded during the preparation of a chitosan hydrogel with
the aim of stimulating angiogenesis and giving anticoagulant properties, respec-
tively. In many reports, silver (Ag), in form of nanoparticles (AgNPs), was incor-
porated into the chitosan hydrogel in order to enhance other biological activities,
such as antimicrobial and anti-inflammatory properties [48, 49]. Moreover, chitosan
can be blended with other polymers, such as PEG [48] and lignin-polyvinyl alcohol
(PVA) [50] to enhance its water absorbability and mechanical strength. Finally, the
chitosan solution mixture was cast on a setting container and frozen overnight to
stabilize the hydrogel structure, followed by neutralization. In some cases, a
crosslinking agent has been applied instead of the freezing process.

In addition, a water soluble derivative of chitosan, carboxymethyl chitosan
(CMCTS), was synthesized by chemical modification of chitosan with mono-
chloroacetic acid [51]. The CMCTS can be easily dissolved in water over a wide
range of concentrations [49, 52], and the CMCTS aqueous solution can be fabricated
into a hydrogel under room temperature by complexing with polyelectrolytes [49] or
chemically crosslinked with a crosslinker, such as genipin [52].

Hydrogels prepared from chitin, chitosan, and their derivatives can function as
active substance carriers. Figure 3 illustrates the chitin and chitosan hydrogels as
carriers of active substances, such as drugs, Ag, and growth factors, in order to
enhance the wound healing process.

3.2 Membranes

A membrane, as a very thin film, has considerable advantages as a wound dressing,
including its high surface-to-volume ratio, permeability, and breathability for
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Fig. 3 Schematic illustration of using chitin or chitosan hydrogels as carriers of bioactive agents
and applying the hydrogels to enhance wound healing

biological events. The application of a membrane requires the capability to control
the transportation, diffusion, or separation of small molecules (such as gas and
water) as well as ions. The most commonly used fabrication methods for chitin-
and chitosan-based membranes are described as follows.

3.2.1 Chitin-Based Membranes

The casting process has always been used to prepare chitin membranes. The chitin is
dissolved in a lithium chloride and dimethylacetamide solvent system [53, 54] and
cast on a petri dish, with the dense membrane being obtained by gradual coagulation.
Otherwise, after casting in a container, it was moved to soak in different kinds of
solvents, washed with water, and dried to obtain the porous chitin membrane
[54, 55].

3.2.2 Chitosan-Based Membranes

Currently, one of the most promising approaches for wound healing that mimics the
structural similarities of the skin epidermal and dermal layers is the use of asym-
metric membranes. The inner layer is a porous structure that functions as an exudate
absorption matrix and supporting matrix for cell adhesion, migration, and
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proliferation as well as allowing gaseous exchange and nutrients flow. Whereas, the
outer layer is a dense layer mimicking the epidermis of the skin that functions as
barrier to protect the wound from external threats (physical, chemical, and infection).
Several techniques, such as electrospinning, bioprinting, wet-phase inversion
method, dry/wet method, and supercritical carbon dioxide (scCO,)-assisted phase
inversion technique, have been explored to produce asymmetric membranes [56].

The fabrication of a chitosan-titanium dioxide composite membrane [57] and a
membrane of gelatin/chitosan/cinnamaldehyde crosslinked with glutaraldehyde [58]
have been obtained using the wet-phase inversion method. Briefly, the chitosan
mixture is cast and then immersed in a non-solvent coagulant bath. The procedure is
similar to the wet-phase inversion method, but the dry/wet method adds one more
step of pre-evaporation (drying) of the cast membrane before immersion of the
polymer matrix into the coagulation bath. This pre-evaporation stage increases the
concentration of the polymeric solution and creates a dense outer top layer that acts
as barrier to protect the wound against external contamination [59]. The preparation
of a silver sulfadiazine (AgSD)-incorporated asymmetric chitosan membrane [59]
and fabrication of a sponge-like asymmetric chitosan [60] are examples of those
fabricated by the dry/wet method.

Figure 4a illustrates asymmetric chitin and chitosan membranes with the incor-
poration of some active substances, while Fig. 4b presents the wet-phase inversion
method and dry/wet method. The scCO,-assisted phase inversion method was
proposed for the first time as an alternative technique to produce an asymmetrical
membrane for skin wound healing. Being a green technology, it can form solvent-
free membranes with short processing times and no collapse of the structure.
Furthermore, scCO,-assisted phase inversion allows the production of dry, clean,
and ready-to-use membranes with a highly controlled morphology (by changing the
pressure, temperature, and/or depressurization rate) and reduces the solvent recovery
costs. The process does not require additional post-treatments or any potential
organic solvents [61].

A traditionally famous method is the freeze-dried technique, in which samples are
frozen and dried under vacuum to obtain porous membranes. Chitosan containing
polyurethane modified with N-isopropyl acrylamide membrane [62] and bacterial
cellulose-chitosan composite membrane [63] are examples of wound dressing mem-
branes fabricated by the freeze-dry method.

3.3 Fiber and Electrospun Mat

Electrospinning is a simple and inexpensive method for producing nanofibers. It has
become a popular fabrication method for porous fibrous materials that can be applied
for tissue engineering scaffolds and wound dressings. The advantages of an
electrospun mat made from ultrafine polymer fibers are its high porosity and nano-
scale diameters, variable pore-size distribution, high surface to volume ratio, and,
most importantly, its morphological similarity to the natural ECM in the skin
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[64]. The electrospun mat promotes cell attachment and proliferation. For this
reason, the electrospinning technique has been used in many studies to prepare
chitin and chitosan fibrous mats for wound dressing applications. However,
electrospinning of natural polymers, such as chitosan and alginate, is more difficult
than that of synthetic polymers. Chitosan presents a very low solubility in most
organic solvents, and the use of dilute or concentrated acid solutions seems to be the
most reliable option to properly dissolve it [65], since the protonation of amine
groups of chitosan greatly contributes to its solubility. The spinnability of pure
chitosan is challenging due to its polycationic nature and high viscosity in solution,
and specific intra- and inter-molecular interactions. Indeed, formation of three-
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dimensional (3D) strong hydrogen bonds prevents the free movement of the poly-
meric chain segments exposed to the electrical field, making the formation of a stable
jet problematic. In order to overcome these issues, blending with synthetic polymers,
such as polyethylene oxide [65-67], PVA [64, 68], and poly (vinyl pyrrolidone)
[69], are generally used as both a spinning enabler/enhancer and a hydrophilicity
improver [65, 66]. The electrospinning fabrication of chitin and chitosan fibrous mat
is represented in Fig. 5.

3.4 Sponges and Scaffolds

Sponge dressings with a porous structure exhibit a huge porosity, high strength, and
high specific surface area, beneficial to meet the demands of a higher gas perme-
ability, tunable water vapor evaporation, more wound exudate absorption, presence
of good hemostatic properties, and protecting the wound from infection and dehy-
dration [70]. While polymeric scaffolds are also a 3D porous structure that provides
support for cell attachment, proliferation, and differentiation, they must possess
biocompatibility, high porosity, and a good mechanical strength [17]. There are
many processes to fabricate chitosan sponges, including gas foaming and particulate
leaching, but the most common method is through the process of lyophilization.
Lyophilization, also called freeze-drying, sublimates liquid from frozen materials,
which helps to reduce damage to the material and preserves the structural and
chemical integrity of proteins and natural substances. In the case of chitosan
sponges, lyophilization creates pores, which in turn creates a greater surface area
than dense forms of chitosan [71].

Many researchers have used the lyophilization method in their studies [72-
76]. Some researchers have added the natural product Aloe vera extract [72, 73],
metallic particles (AgNPs [73], aluminium monostearate [74], and AgSD [75]), or
blended with other polymers (PVA [76]), in order to obtain an antibacterial property
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or improve the mechanical properties of chitosan. On the other hand, there are few
studies on the fabrication of an asymmetric wettable chitosan-based sponge. A
wound dressing with an asymmetric surface wettability is of great interest in
wound healing. The hydrophobic surface could effectively prevent the external
contamination (water, blood, and bacteria) to the dressing, while the hydrophilic
surface could preserve the comfortable, moist environment to promote wound
healing. One side of chitosan sponge can be modified with a thin layer of stearic
acid to provide the asymmetric chitosan sponge [77].

For a chitin-based sponge, several studies have reported the use of modified
chitin. Chitin was modified in form of quaternized chitin, where partial deacetylation
occurred during the quaternization in a NaOH/urea solvent system. Glutaraldehyde
was then used as a crosslinker of the quaternized chitin and the sponge was obtained
after lyophilization [78]. The fabrication of chitin and chitosan sponges is illustrated
in Fig. 6.

3.5 Hydrocolloids

Hydrocolloid dressings absorb the wound fluid and change into a jelly-like materials.
Hydrocolloid dressings consist of two different structures. The inner hydrocolloid
are particles that can absorb exudate to form a hydrated gel over the wound, creating
a moist environment that promotes healing and protects the new tissue. The outer
matrix (film, foam, or gel) not only protects the wound from bacterial contamination,
and foreign debris, but it also maintains a moist environment and helps prevent
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shearing [79-81]. Classical hydrocolloids always contain a gel forming agent, such
as carboxymethyl cellulose (CMC), pectin, gelatin, or sodium CMC [81, 82].

Only a few fabrications of hydrocolloid wound dressing have been generated
from chitin or chitosan. Tripolyphosphate, as a crosslinking agent, was added to the
chitosan solution in order to obtain chitosan microbeads dispersed in the chitin
solution and later transformed into a chitin hydrogel by gradual coagulation
[83]. A calcium alginate hydrocolloid with chitin, chitosan, and fucoidan was
reported. The dry powders of alginates, chitin, chitosan, and fucoidan were mixed
and crushed. The mixed powders were then spread on filter paper and sprayed with
distilled water to partially dissolve the powder into a paste. The paste on the
supporter was immersed in calcium chloride solution to generate the calcium
alginate hydrocolloid, which was then crosslinked with ethylene glycol diglycidyl
ether [84]. Figure 7 presents the chitin and chitosan hydrocolloid dressing and its
application over the wound to absorb the wound exudate as well as protect the
wound from bacterial infection.

4 Commercially Available Chitin and Chitosan Wound
Dressings

The ordered regeneration of wounded tissues requires the fabrication of chitin and
chitosan mostly in the forms of nonwoven, fibrils, hydrocolloid, films, and sponges.
With the advantages of chitin and chitosan that can be fabricated in various forms
and with the variety of fabrication methods mentioned above (Sect. 3), introducing
wound dressing materials based on chitin, chitosan, and their derivatives are well

Water Vapor
Waterproof Breathable * & Bacteria- proof
/ — Hydrocolloid dressing

Exudate

Epidermis

Dermis

Fig. 7 Schematic illustration of the application of a chitin or chitosan hydrocolloid dressing to
absorb the wound exudate and protect the wound from bacterial infection
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known on the market and are produced and commercialized in many forms. The
commercially available chitin- and chitosan-based wound dressings and their func-
tional usages related to wound healing are summarized in Table 2.

5 Physical and Chemical Modification of Chitin
and Chitosan for Wound Dressing in Specific Purposes

The worthwhile intrinsic properties of chitin and chitosan, including their biode-
gradability, biocompatibility, non-toxicity, hemostaticity, antimicrobial activity,
anti-inflammatory, and antioxidant properties, make them appropriate for use as
wound dressings. However, in order to develop chitin- and chitosan-based wound
dressings for more specific purposes, they can be modified by means of physical or
chemical modifications to add new functions, features, and to enhance some certain
properties. Modification may be achieved through both covalent and noncovalent
means.

There is considerable interest in providing chitin and chitosan with desired
functionalities that have not been chemically modified. One investigated approach
is property modification via physical modification. Physical or physicochemical
modification is primarily considered because it does not require a complicated
chemical reaction. Appropriate active substances are added for the specific purpose,
enhancing the physicochemical properties, and might only absorb or disperse within
the chitin or chitosan matrix without covalent bond formation.

Furthermore, chitosan has chemically active multiple functional groups, includ-
ing the amino (-NH,), and primary and secondary hydroxyl (~OH) groups, whereas
chitin has the chemically active functional groups of primary and secondary
hydroxyl groups. Thus, it is feasible to perform chemical modification to improve
their physical and chemical properties, while their biodegradability, biocompatibil-
ity, and non-toxicity should be maintained. Furthermore, the clear definition of the
positions of functional groups in their repeating units is crucial to exploit
regioselectivity in the chemical modification reactions in order to perform precise
and well-controlled structural modifications of chitin and chitosan derivatives.

The most favorable way for chemical modification of chitin is O-substitution, in
which the reaction occurs at hydroxyl groups (-OH), since the acetamido group (—
NHCOCH3;) of chitin is not chemically active unless partially deacetylated into
amino groups. Whilst, the most favorable way for chemical modification of chitosan
is N-substitution, in which the reaction occurs at the amino group (-NH,) of
chitosan, O-substitution can be performed similar to chitin. Since the amino groups
have a higher reactivity than hydroxyl groups, the O-substitution of chitosan alone
requires the protection and deprotection of the primary amino groups. The individual
N- or O-substituted derivatives of chitin and chitosan provide new functional groups,
giving different bulk and chemical properties belonging to well-designed molecular
structure.
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Table 2 Commercially available chitin- and chitosan-based wound dressings and their functional
uses related to wound healing

Functions related to

Based wound healing
materials | Trademark (company) Forms process Ref.
Chitin Beschitin (Unitika) Chitin nonwoven 1. Treat traumatic and | [85]
surgical wounds
2. Favor early GTF, no
retractive scar
formation
Chitipack S (Eisai Foam, sponge 1. Treat traumatic and | [85-87]
Co. Ltd.) surgical wounds
2. Favor early GTF
Chitipack P (Eisai Chitin hydrocolloid | 1. Treat large skin [85, 87]
Co. Ltd.) in poly(ethylene defects and those dif-
terephthalate) ficult to suture
2. Favor early GTF
Syvek-Patch (Marine Fibrils, fibrous 1. Control bleeding at | [85, 86,
Polymer Technologies) | material vascular access sites 88]
2. Accelerate hemo-
static process
Chitosan | HemCon® Bandage Sponge 1. Accelerate hemo- [85, 86,
(HemCon Medical static process 89, 90]
Technologies Inc.) 2. Support antimicro-
bial activity
3. Use in emergency
and civilian
TraumaStat Sponge 1. Treat traumatic [85, 86,
(Ore-Medix) wounds 91]
2. Accelerate hemo-
static process
Chitopack C (Eisai Cotton-like chitosan | 1. Repair body tissue | [85, 87]
Co. Ltd.) nonwoven completely
2. Rebuild normal
subcutaneous tissue
3. Regenerate skin
regularly
Tegasorb and Tegaderm | Chitosan hydrocol- Suitable for leg ulcers, | [85, 87]

3BM)

loid and film

sacral, and chronic
wounds

Therefore, both physical and chemical modification are the appropriate
approaches to enhance the functional properties of chitin- and chitosan-based
wound dressings in specific purposes.
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6 Chitin and Chitosan-Based Functional Wound Dressings

Wound dressing should remove excess exudates, keep the wound interface moist,
allow gaseous exchange, and act as a barrier to microorganisms. It should also fulfill
the fundamental concerns of being non-toxic, non-allergenic, non-adherent, and
easily removed without trauma. Beyond these fundamental requirements, functional
wound dressings should be designed to provide certain other functional properties
suitable for different wound types. In addition to the conducting ability of materials
to promote and allow the migration and proliferation of epithelial, fibroblast, and
endothelial cells, the synthesis of ECM components is also required in wound repair
and skin regeneration [92]. Therefore, insight into the details of developing chitin-
and chitosan-based wound dressings through their physical and chemical modifica-
tion to acquire functional applications, such as the treatment hemorrhage (hemostatic
wound dressings), infection (antimicrobial wound dressings), burns (wound dress-
ings for burns), and chronic ulcers (diabetic wound dressings), are mentioned in this
chapter.

6.1 Hemostatic (Blood Coagulant) Wound Dressings

Hemorrhage is a major mortality plan from traumatic injuries, which frequently
happens in accidents, battlefields, and operation rooms [93]. Hemostasis is the
first phase of wound healing and effective hemostasis is mandatory to stem
life-threatening bleeding. Hemostatic agents derived from chitosan have been widely
studied for their fast absorbing and localized hemostatic effects. Chitosan is also well
known for its antimicrobial properties, where its protection against a wide range
of bacteria enhances its appeal as a bandage. Several chitosan wound dressings
have been developed for the rapid and effective control of bleeding. Some of
them have been commercialized, such as ChitoFlex®, CELOX™, QuikClot®, and
HemCon® [94].

Chitosan dressings were prepared by dissolving chitosan in dilute aqueous acetic
acid, placing into a mold, lyophilized, and then neutralization with NaOH [95]. The
obtained chitosan dressing presented a fast absorption rate of human whole blood in
less than 5 s, owing to its homogeneous and penetrating porous structure. However,
it showed a slow clotting rate when tested with human whole blood containing a
normal (250,000 platelets/mL) platelet number.

Chitosan electrospun mats have been prepared to enlarge the porosity, and they
showed a higher rate of blood clotting than chitosan sponges [96]. This result
indicated that the thrombogenic activity of chitosan was enhanced by increasing
the pore size and porosity [96]. The addition of polyphosphate to chitosan led to a
more potent hemostat [97]. Polyphosphate can ionically interact with chitosan to
form polyelectrolyte complexes. Both components activated coagulation by a dif-
ferent mechanism. The protonated amino groups of chitosan attracted negatively
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charged residues on red blood cell membranes, causing strong hemagglutination
[98]. Chitosan also adsorbed fibrinogen and plasma proteins, enhancing platelet
aggregation [99]. In contrast, polyphosphate specifically shortened both the time
lag for initial thrombin generation and the time to peak thrombin generation [100].

Although numerous studies have reported the hemostatic property of chitosan, its
insolubility and weak antibacterial activity are still limitations. Surface modification
of chitosan, such as carboxymethylation and quaternization, has been investigated to
improve its water solubility and antibacterial activity. Accordingly, nonwoven of
carboxymethyl chitosan (CMCS), N-succinyl chitosan (NSCS), and N, N, N-trimethyl
chitosan (TMCS) were prepared to examine the hemostatic property. It was found
that the nonwoven CMCS, NSCS, and TMCS all showed a better hemostatic
property than nonwoven chitosan [101]. However, nonwoven TMCS had a lower
blood absorption than the others, which might be due to the quaternary ammonium
cationic group leading to hemolysis [101]. The negative charges on the surface of
NSCS and CMCS could accelerate blood coagulation by activation of the intrinsic
coagulation pathway along with the hemostatic mechanism of chitosan [101].

Superabsorbent polymers (SAPs) derived from chitosan and its derivatives are
promising hemostatic materials with a good absorption capability and potential
hemostatic ability [102]. The SAP formed from carboxymethyl chitosan grafted
poly(acrylic acid) (CMCTS-g-PAA) was prepared by graft copolymerization of
acrylic acid on the CMCTS [103]. The porous structure of CMCTS-g-PAA was
obtained by precipitation of the hydrogel in ethanol, and was found to be non-toxic,
with a high swelling capacity and with a good hemostatic performance in the
treatment of the hemorrhage model in rabbits [104]. This excellent hemostatic
property results from the synergistic effect of the protonated amino groups of
chitosan and the strong swelling capacity of the porous materials.

During the hemostasis and wound healing, bacterial infection is also a serious
issue. If there is no infection, the wound healing proceeds more smoothly. However,
infection may cause a series of bacteremia reactions and greatly threaten human life.
Therefore, antimicrobial wound dressings have been designed to protect wounds
from infection for better wound healing.

6.2 Antimicrobial Wound Dressings

It is well known that one of the main problems in wound care treatment is wound
infection. Bacterial wound infection delays the wound healing process and possibly
gives rise to life-threatening complications [105]. Generally, a large amount of fluid
loss and bacterial infection would lead to serious consequences in severe burns or
extensive skin loss. Widely spread opinions among wound care practitioners are that
Gram-positive bacteria, such as Staphylococcus aureus (S. aureus), and Gram-
negative bacteria, like Pseudomonas aeruginosa (P. aeruginosa), are the primary
causes of delayed healing and infection in both acute and chronic wounds
[106]. Wound dressings not only stop blood loss, but also protect the wound from
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bacterial infection and accelerate the wound healing process. In addition, the wound
exudates between the wound and the dressing can also lead to an infection. There-
fore, the application of antibacterial wound dressings with a broad activity spectrum
and high bactericidal activity is one of the effective approaches for treating infected
wounds.

Chitin itself does not exhibit any marked antibacterial activity [107], while
chitosan exhibits antibacterial activity when the amino groups are protonated in an
acidic condition, but not in a neutral (physiological) condition [108]. At a neutral pH,
the antibacterial activity of chitosan increased as the MW decreased [108]. It was
found that a low solubility and negative zeta potential values were determined for
chitosan with a MW of more than 29.2 kDa, which may explain the loss of its
antibacterial activity at pH 7.0 [108]. Therefore, the most simple physical modifica-
tion of chitin and chitosan wound dressings for antibacterial activity was by the
incorporation of antibacterial agents, like inorganic metal NPs and organic bioactive
substances. In addition, some chemical modifications of chitin and chitosan have
been developed to improve the antibacterial properties of wound dressings.

6.2.1 Physical Modification of Chitin and Chitosan for Antimicrobial
Wound Dressings

Incorporation of AgNPs or Ag*

Many research groups have been focused on incorporation of various NPs in chitin
and chitosan matrices, including those of Ag, zinc oxide (ZnO), and gold
[109]. Among those metal and metal oxide NPs, AgNPs are the most widely used
in wound dressings and wound healing, since they exhibit significant antimicrobial
activities over a wide spectrum of pathogenic and drug-resistant strains [110], as
well as an anti-inflammatory activity [111]. Structurally, AgNPs are clusters of silver
atoms with particle sizes ranging in diameter from 1 to 100 nm, and so provide a
high surface area. They have been prepared by the reduction of silver nitrate into
AgNPs using sodium citrate as the reducing agent [112]. The minimum inhibitory
concentration and minimum bactericidal concentration of AgNPs are in the range of
1.56 to 6.25 pg/mL and 12.5 pg/mL, respectively, against a broad spectrum of
microorganisms, including Escherichia coli (E. coli), P. aeruginosa, Salmonella
abony, Salmonella typhimurium, Klebsiella aerogenes, Proteus vulgaris, S. aureus,
Bacillus subtilis, and Staphylococcus epidermidis [113]. The addition of AgNPs at
concentrations of 0.001, 0.003, and 0.006% (w/w) into chitin hydrogels was eval-
uated for their antibacterial activity against E. coli and S. aureus, whole blood
clotting, and cell viability on vero (epithelial) cells [112]. Owing to the physical
absorption of AgNPs within the chitin hydrogels, the AgNPs were released from the
chitin hydrogels and exhibited antibacterial activity against E. coli and S. aureus.
The bacterial inhibition zone increased with increasing concentrations of AgNPs.
The Gram-negative bacteria (E. coli) were more susceptible to the AgNPs than the
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Gram-positive bacteria (S. aureus), which might be due to the limited penetration
ability of AgNPs through the thick peptidoglycan wall of Gram-positive bacteria.

The bactericidal mechanism is certainly due to the released Ag”* ions that act as
reservoirs for the Ag™ bactericidal agent. The Ag* ions are known to exert several
antibacterial mechanisms. One is the interaction with phosphorus and sulfur groups
of the bacterial cell wall and plasma membrane proteins [114, 115]. The interaction
between Ag® and the membrane leads to dysfunction of the proteins, causing
bacterial death. The Ag" ions can also bind to negatively charged components of
the bacterial membrane, creating holes, leading to cytoplasmic leakage, and causing
cell death. Once inside the cell, the Ag* ions can also disturb the bacterial electron
transport [116]. In addition, the bactericidal effect of silver is achieved through cell
membrane disruption, followed by protein dysfunction and breakage of DNA
strands, resulting in an increased level of intracellular reactive oxygen species
(ROS) [116]. The mode of action of Ag* is similar to that of AgNPs, but with
stronger antibacterial efficiency [117].

In addition, chitin hydrogels with a high concentration of AgNPs shorten the
blood clotting time [113, 118], while remaining non-toxic to vero cells. Indeed, low
doses of AgNPs were reported to be non-toxic both in vitro and in vivo [113]. How-
ever, in contrast, the addition of AgNPs into a chitin/silk fibroin scaffold at 0.001,
0.01, and 0.1% (w/w) revealed cytotoxicity to HFF2 (fibroblast) cells, where the
higher the AgNP concentration, the lower the HFF2 cell viability, especially at 0.1%
(w/w) AgNPs [118].

Hybridization of Chitosan and ZnO

The addition of AgNPs at high concentrations causes a change in color and induces
cell cytotoxicity, which seriously limits their applications. An alternative way to
reduce the cytotoxicity but enhance the antibacterial activity is the hybridization of
chitosan with other metal oxides, such as ZnO. A 0.3% (w/v) chitosan/2 mM ZnO
hybrid was developed and coated on cotton fabric by sonochemical coating to a
ZnO/chitosan mass ratio of around 0.086 [119]. The physicochemical properties of
the individual composite were probably due to the formation of the Zn**/chitosan
complex within the hybrid coatings, following the dissolution of ZnO in the
chitosan/acetic acid solution. Therefore, two possible models for hybridization of
metal ions with chitosan were the pendant model, where an ion was bound to only
one amino group of chitosan, and the bridge model, where an ion was bound to
several amino and hydroxyl groups of one or bridging more chitosan molecules
[119]. The fabrics coated with the chitosan/ZnO hybrid were tested for their
antibacterial activity with a 60 min contact time and exhibited a reduction in the
bacterial viability of around 98% and 99% against S. aureus and E. coli, respec-
tively, compared to 61 and 31% for ZnO and chitosan individually, respectively,
against S. aureus and 78 and 99% against E. coli, respectively.

Chitosan and ZnO have been widely reported as efficient antibacterial agents. The
mode of antibacterial action of ZnO involves the oxide dissolution to Zn** and the
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association of Zn>* with oxidative stress in bacteria cells and generation of ROS,
which subsequently oxidized the cell contents and cause cell death [120]. The mode
of antimicrobial activity by chitosan has been reported to be as follows: (1) interac-
tion with negatively charged components in microbial membranes to alter the cell
permeability and (2) binding to the DNA of bacterial cells to inhibit protein synthesis
[121]. The hybrid complexes of chitosan with metal ions exhibited several-fold
enhanced antibacterial properties compared to the individual components.

The cytotoxicity of chitosan, ZnO, and chitosan/ZnO hybrid was determined
using an indirect contact method with fibroblasts for 24 h. The fibroblast cell
viability following exposure to the ZnO-coated fabric dropped to less than 5%,
whilst the chitosan and the chitosan/ZnO hybrid coating did not induce considerable
cytotoxicity. Therefore, the synergistic effects of chitosan and ZnO NPs resulted in
an enhanced antibacterial efficiency compared to the individual chitosan or ZnO
coatings, as well as avoiding the risk of adverse effects on human health [119].

6.2.2 Chemical Modification of Chitin and Chitosan for Antimicrobial
Wound Dressings

Currently, the usage of broad spectrum antibiotics is generally regarded as the most
effective solution to such infections. Nevertheless, the overuse of antibiotics fre-
quently leads to the evolution and spread of multi-drug-resistant bacteria. Therefore,
new antibacterial agents from natural polymeric materials are worth developing. The
amino groups of chitosan are protonated (positively charged) under an acidic
condition, giving chitosan an interesting inherent antibacterial property. The
antibacterial activity of chitosan is greater than chitin because it has a greater number
of exposed protonated amino groups that can electrostatically interact with nega-
tively charged proteins, lipids, and carbohydrates on the surface of bacterial cells,
resulting in the inhibition of bacterial growth. Owing to their own comparatively low
antibacterial activities at physiological pH (unprotonated state), several studies have
proposed the synthesis of new chitin and chitosan derivatives for antibacterial
agents. In particular, chitin derivatives can be produced by O-modification, while
chitosan derivatives can be produced by O-modification, N-modification, or N,O-
modification as mentioned above (Sect. 5). Thus, chitin, chitosan, and their deriva-
tives have become one of the desirable materials for fabrication of antibacterial
wound dressings. Several research works have focused on developing new deriva-
tives of chitin and chitosan, especially quaternary ammonium derivatives, and to
fabricate them as hydrogels or apply them as a textile finishing with an outstanding
inherent antibacterial activity for wound therapy.

The modification of chitin and chitosan with quaternary ammonium groups
enhances their water solubility and antibacterial properties, but only a limited
amount of research has been focused on developing the quaternary derivatives of
chitin compared to that for chitosan. Aminoethyl chitin [122] was synthesized by the
heterogeneous reaction in alkaline condition of a mixed NaOH/isopropanol solvent
with 2-AECH [122]. Amino ethyl chitin hydrogels have a good antibacterial activity
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against S. aureus, where it is hypothesized that the antibacterial activity of chitin
derivatives is related to the amino groups, and so the introduction of a multi-amino
chitin derivative of poly(aminoethyl) chitin (PAEMC) was prepared via grafting
aminoethyl moieties onto alkaline chitin chains with an excess amount of 2-AECH
[123]. The PAEMC was synthesized in the form of polymerized amino ethyl mono-
mers and exhibited a higher antimicrobial activity against Gram-positive bacteria
than against Gram-negative ones [123]. The PAEMC exerted its antibacterial activ-
ity by a membrane damage mechanism.

Poly(amino ethyl) chitosan (PAEMCS) was also synthesized by the deacetylation
of PAEMC [45], and its hydrogels were fabricated under the participation of
dipotassium hydrogen phosphate. The resulting hydrogels showed a higher
antibacterial activity against E. coli and S. aureus than that of chitosan, implying
that the increased amount of amino groups improved the antibacterial activity.
However, increasing the density of amino groups in PAEMCS showed a mild
cytotoxicity to the L1929 mouse fibroblast cell line and human umbilical vein
endothelial cells (HUVECs). Similarly, PAEMCS also exhibited a higher antimi-
crobial activity against Gram-positive bacteria than Gram-negative ones [45].

Hydroxypropyl trimethylammonium chitin (HPTMAC) [124] was synthesized by
a heterogeneous reaction in an alkaline condition using a NaOH/isopropanol solvent
with 3-chloro-2-hydroxypropyltrimethylammonium chloride [124]. In addition,
HPTMAC can also be synthesized by the homogeneous reaction in other green
systems of a NaOH/urea aqueous solution [125] or a potassium hydroxide/urea
aqueous solution [126] with 2,3-epoxypropyltrimethylammonium chloride. The
obtained quaternary derivatives exhibited antibacterial activity. For HPTMAC, it
exhibited excellent antimicrobial activities against E. coli, S. aureus, Candida
albicans, and Rhizopus oryzae and revealed biocompatibility and significant accel-
erating consequences on the healing of uninfected, E. coli-infected, and S. aureus-
infected wounds. Thus, it can be applied as a novel wound dressing for skin
regeneration, particularly for infected wounds [126].

Moreover, chitin betainate was modified to enhance its antibacterial activity over
a wide pH range [107]. It was prepared by the acylation of chitin with carboxymethyl
trimethyl ammonium chloride (CMA). Chitin betainate at 10 mg/mL exhibited
complete bactericidal activity against E. coli within 10 min, but a 45.2% and 78%
reduction in S. aureus viability after 10 min and 24 h exposure, respectively, whilst
chitin did not exhibit any significant antibacterial activity. The bactericidal activity
was concentration-dependent against both bacteria, but it was more efficient against
E. coli than S. aureus [107]. A chitin betainate hydrogel was prepared for
antibacterial wound dressing purposes and had good water absorption by forming
an interpenetrating network with PEG.

In order to investigate the structural effect of the quaternary ammonium chitin on
the antibacterial activity and specificity against E. coli and S. aureus, chitin was
modified with three different quaternary ammonium groups and spacers: (1) CMA to
obtain CTCMA or chitin betainate as mentioned before, (2) 3-carboxypropyl
trimethyl ammonium chloride to yield CTCPA, and (3) 3-carboxypropyl-N-
dodecyl-N,N-dimethylammonium chloride to give CTDDMAB [127]. The
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CTCMA consisted of an N,N,N-trimethyl substituent with a C1 (methyl) spacer;
CTCPA consisted of an N, N, N-trimethyl substituent with a C3 (propyl) spacer; and
CTDDMAB consisted of N-dodecyl-N,N-dimethyl substituent with a C3 spacer.
Thus, CTCPA had the similar quaternary substituent as CTCMA but with a longer
spacer (C3) between the chitin and quaternary substituent, whilst CTDDMAB had
the same C3 spacer as CTCPA but with an N- long alkyl substituent.

The chemical structure of these quaternary ammonium chitin derivatives showed
specificity and strongly influenced the antibacterial activity against E. coli and
S. aureus. The outer cell wall of E. coli, which is rich in negatively charged
lipopolysaccharide, is susceptible to the positively charged quaternary ammonium
substituents of CTCMA and CTCPA, while the thick peptidoglycan cell wall of
S. aureus functions as a barrier against penetration of polar substances. Accordingly,
CTDDMAB with its longer propyl (C3) spacer or the N-long alkyl substituent in its
structure enhanced the penetration and antibacterial activity against S. aureus.
Therefore, the antibacterial activity of quaternary ammonium chitins against
E. coli required only the positively charged quaternary ammonium substituents to
contact with the outermost cell wall, while that against S. aureus required not only
the length of the spacer, but also the N-long alkyl substituents.

Since chitosan itself exhibits antimicrobial activity without modification, but at
comparatively low antibacterial activities at neutral or physiological conditions.
Therefore, research on chemical modification of chitosan has focused on enhancing
its antimicrobial activities. Quaternization of chitosan can be performed by two
common ways, which are substitution of quaternary ammonium groups onto the
chitosan backbone and substitution of those groups as the side chains. N,N,N-
trimethyl chitosan (TMC), which has quaternary ammonium groups on the chitosan
backbone, was synthesized by first treating chitosan with formic acid and formalde-
hyde, followed by methylation with methyl iodide [128]. The antibacterial activity of
TMC was more effective than chitosan at pH 5.5, but less effective at pH 3.5.
Because the lower pH represses the ionization of trimethylated amino groups of
TMC [128]. For N-[(2-hydroxy-3-trimethyl ammonium) propyl] chitosan (HTCC),
with quaternary ammonium groups as side chains, it was synthesized by coupling
glycidyltrimethylammonium chloride to chitosan in water [129, 130]. Then, the
HTCC was further chemically modified to obtain double bond containing derivatives
of O-acrylamidomethyl-HTCC, which is chemically bound with cellulose or cotton
fabrics, to make a promising antibacterial fabric. For N,N,N-trimethyl-O-
(2-hydroxy-3-trimethylammonium propyl)chitosan (TMHTMAPC), with quater-
nary ammonium groups on both the backbone and O-side substituent, it was
synthesized by chemical modification of TMC with 3-chloro-2-hydroxypropyl
trimethyl ammonium chloride. The obtained TMHTMAPC exhibited a higher
antibacterial activity than TMC [131], indicating that quaternization of the more
flexible side chains enhanced the interaction between the positively charged chitosan
derivatives and the negatively charged bacterial cell envelope [131]. Representative
schemes for the quaternization of chitin/chitosan derivatives are summarized in
Fig. 8.



Physical and Chemical Modification of Chitin/Chitosan for Functional Wound. . . 281

(a) R
| R
CH,CH;NH; CHZCH2+N—CHZCH2~I~N\_R

x
)
00— 0 o
il R /I
! NHCOCH;

NHCOCH,
\ OH / R= —H or —CHyCH,NH,

Amincehtyl chitin
Poly(aminoethyl)chitin

0_
H ?
0-CR
% NHCOCH; — 0
QH 5 CHs e Ty 8 o
CHZCHCH,—NZ-CHy 0-CR
o CHs
00— NHCOCH;
H
: /CHa CTCMA:x=1, y=0
R = ——CH,- _cH.-cH, CTCPA :x=3 y=0
NHCOCH; ok, }x\ 9 z}f 3 CTDDMAB:x=3,y=11
CHs

Hydroxypropyl trimethylammonium chitin
CTCMA = Carboxymethyl trimethylammonium chitin or chitin betainate
CTCPA= Carboxypropyl trimethylammonium chitin

CTDDMARB = Carboxypropyl-N-dodecyl-N, N-dimethylammenium chitin

(b) R =

-~

CHZCHsz—CHzCHsz\
X R

o]
O_
R
NH;

N
Hyc” | “CHs -
CHs \ H6 / R= —H of —CH,CH,NH,

Paoly{aminoethyl) chitosan

N, N, N - trimethyl chitosan 0—
H
cr
NH, H 5 fH
OH OCH,CHCH;—N—CHj
lo] CH3
O_
H .
CI:. Hs
NHCH,CHCH,—N—CHs; N
[ N HaC™ | ™
OH CH; : clH SCH3
N - [(2-hydroxyl-3-trimethylammonium) propyl] chitosan N, N, N - trimethyl -O-[2-hydroxyl-
trimethylammonium propyl] chitosan

Fig. 8 Representative schemes for the quaternization of (a) chitin and (b) chitosan derivatives



282 W. Tachaboonyakiat

Apart from the quaternary ammonium derivatives of chitin and chitosan, further
information on the synthesis of chitin/chitosan derivatives and their molecular
design for novel antimicrobial agents, mode of antimicrobial actions/mechanisms
related to outermost membranes of microbes (bacteria, fungi, and viruses), and their
compositions, as well as the effect of their MW and DA/DD on the antimicrobial
activity has been presented elsewhere [132]. From the development of chitin and
chitosan derivatives as antimicrobial agents, it is of great significance to fabricate
them into antibacterial hydrogel wound dressings, taking advantage of their benefi-
cial properties, including biodegradability, biocompatibility, non-toxicity, hemo-
static, and antibacterial properties. Many molecularly designed chitin and chitosan
derivatives appear to be promising candidates for antibacterial wound dressings.

6.3 Wound Dressings for Burn Wounds

The depth of a burn can be described as superficial, moderate partial thickness, deep
partial thickness, or full thickness. A first-degree (superficial) burn is when the
epidermis is injured with no significant structural damage, while a moderate
second-degree (moderate partial-thickness) burn represents a superficial dermis
injury. A deep second-degree (deep partial-thickness) burn is when the deep dermis
is injured but the hair follicles and sweat glands remain intact, while a third-degree
(full-thickness) burn is when the entire dermis is injured. Finally, a fourth-degree
(full-thickness) burn is when the entire dermis is injured and it extends to the fat,
muscle, and bone [133].

A superficial burn of the skin heals in a short time without a scar by epidermal
resurfacing through the regeneration and migration of keratinocytes. A moderate
second-degree burn heals within 1-2 weeks by epithelialization, but the skin pig-
mentation, somehow, changes. In contrast, a deep second-degree burn wound may
not heal within 3—4 weeks by epithelialization, and it may form scars. Third- and
fourth-degree burn wound healing requires tissue granulation followed by epitheli-
alization. It often undergoes early surgical intervention [133].

Healing of a burn wound is one of the most complex healing process, causing
severe discomfort and other complications. For treatment of burns of a high surface
area, the patient might face a high risk of lethality and disability during the healing
process. Patients are highly vulnerable to invasive microbial infections until com-
plete re-epithelialization or recovery of the wound area has occurred. Consequently,
burn wound sepsis is a major cause of mortality among these patients. Topical
application of antibacterial ointment is the first choice of treatment in order to
provide a moist environment together with antibacterial agents. Since chitosan itself
possesses antimicrobial activity, it is particularly useful in wound treatment. The
MW and DD of chitosan are structural parameters that influence its physicochemical,
mechanical, and biological properties, such as its susceptibility to biodegradation by
lysozyme and wound healing properties [134].
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The effect of the MW and DD of chitosan on the wound healing process has been
evaluated by topically applying three samples of chitosan gels with a different MW
and DD on burn wounds in rats [135]. The gels were prepared at a concentration of
2% (w/v) in dilute aqueous acetic acid as CH-H (MW of 200,0000; DD of 92%),
CH-M (MW of 750,000; DD of 75%), and CH-L (MW of 70,000; DD of 63%). The
high MW (CH-H) gel resulted in the formation of significantly more epithelial tissue
and wound contraction (around 80% within 8 days) than the wounds treated with the
CH-M or CH-L gels, while the control wounds (no gel treatment) healed very slowly
with a wound contraction of only around 40% after 12 days. It is evident that
chitosan with a high DD and MW led to an accelerated wound healing and induced
GTF or re-epithelialization in the early stages of wound healing [135]. Moreover, the
incorporation of EGF at 10 pg/mL into a 2% (w/w) chitosan gel was reported to
fasten the epithelialization rate and to stimulate GTF and tissue formation [136]. As
known, EGF acts by binding to the EGF receptor—tyrosine kinase, thereby initiating
a series of events that ultimately regulates cell proliferation [137]. Although present
in small amounts, EGF exerts a powerful influence on the process of wound repair.

Wound dressings usually lead to rapid wound closure by preventing wound
sepsis and excessive fluid loss through the open wounds. Therefore, suitable
wound dressings should effectively prevent subsequent microbial invasion of the
burn wounds as well as absorb excessive exudate. Chitosan acetate bandage
(HemCon®™), which is normally used as a hemostatic dressing, was applied to
third-degree burns in mice infected with fatal doses of two invasive bacterial species
(P. aeruginosa and P. mirabilis) [138]. The survival rates within 4 weeks of
infection with P. aeruginosa and P. mirabilis were 73.3% and 66.7%, respectively,
in mice treated with chitosan acetate bandages, whilst they were 13.3% and 0%,
respectively, in the untreated (control) groups. The chitosan acetate bandage effec-
tively controlled the growth of bacteria in the burn and prevented the development of
systemic sepsis that led to fatality. Therefore, a chitosan acetate bandage could act as
an effective topical antimicrobial dressing for infected burns. Furthermore, when N-
carboxymethyl chitosan (NCMC), a water soluble chitosan derivative, was applied
on deep second-degree burn wounds, the healing time of the wound was reduced to
25 days compared to 35 days for the untreated control group [139]. On day 25, a
number of fibroblasts in the dermis could be observed in the NCMC treated groups,
revealing that GTF was accelerated by the application of the NCMC. The GTF was
required for the permanent closure of the wound because it filled the wound defect
and prepared a route for epithelialization.

6.4 Wound Dressings for Diabetic Ulcers

Diabetes mellitus (DM), commonly known as diabetes, is a group of metabolic
disorders characterized by a high blood sugar level over a long period of time
(chronic hyperglycemia) caused by a low insulin level. Diabetes is due to either
the pancreas not producing enough insulin or the cells of the body not responding
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properly to the produced insulin. The progression of wound healing normally
undergoes the four phases of hemostasis, inflammation, proliferation, and
remodeling, as mentioned above (Sect. 2). However, wound healing in diabetics is
complicated. A failure of completely healed diabetic foot ulcers (DFU) [140] is a
consequence of chronic inflammation, peripheral neuropathy, impaired vascular
function, or impaired angiogenesis [140, 141]. Moreover, fibroblasts fail to produce
ECM proteins, while keratinocytes do not form an epithelium. The DFU is associ-
ated with a high risk of limb loss as a consequence of amputation and leads to a
reduced survival [142]. To reduce the risk, much attention had been paid to the
design and development of wound dressings that are suitable for diabetics. This
chapter mentioned in detail on chitin- and chitosan-based wound dressings that have
been developed through physical or chemical modification to promote the wound
healing process for diabetic ulcers, which are categorized by those impaired
consequences.

6.4.1 Wound Dressings Involved in Chronic Inflammation

A DFU is mostly at risk of infection due to the long existence of extensive sloughs,
bacteria, and biofilms, which results in a delayed inflammatory phase. Therefore,
wound dressings are often incorporated with antibacterial agents to promote their
antibacterial activity, even though some polymeric materials, such as chitosan, may
already have an antibacterial property. Several physical and chemical modifications
of chitin and chitosan wound dressings involved in reducing chronic inflammation
are mentioned in this section.

Physical Modification of Chitin and Chitosan Wound Dressings Involved
in Chronic Inflammation

Incorporation of AgNPs or Ag*

Both Ag™ and AgNPs have been known as an antibacterial agent for a long time.
Their toxicity to human cells is significantly lower than that to bacteria, which is the
most favorable feature of silver [143], giving it a high availability for various
applications, including wound dressing. In diabetes induced rabbits, the AgNP-
loaded chitosan-PEG hydrogels were found to exhibit an excellent antibacterial
activity against both Gram-positive (S. aureus, B. subtilis, and B. pumilus) and
Gram-negative bacteria (P. aeruginosa and E. coli) [144]. Moreover, the AgNP-
loaded chitosan-PEG hydrogels also offered a better wound healing capacity with a
greater anti-inflammatory response and accelerated the re-epithelialization and col-
lagen deposition compared to that with the blank hydrogel without AgNPs
[144]. The wound healing potential of the AgNP-incorporated chitosan-PEG hydro-
gel was even faster than the blank hydrogel without AgNPs, indicating that the
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combination of AgNPs and chitosan hydrogel significantly and synergistically
enhanced wound healing in diabetes induced rabbits.

In addition to the anti-inflammatory function, the incorporation of growth factors
into the AgNP-chitosan gel, such as EGF, can enhance keratinocyte and fibroblast
proliferation, GTF, and ECM protein synthesis, and so result in promoting the
efficiency of wound repair for diabetics. However, the antimicrobial activity of
AgNPs may be considerably diminished after binding with proteins, such as growth
factors [145]. Such unfavorable conditions likely occur even when Ag* and proteins
are immobilized in the same matrix, whereby the usability of Ag" in the
EGF-embedded hydrogel is seriously hindered. An alternative way is to encapsulate
EGF into chitosan NPs and then disperse these into a AgNP-incorporated chitosan-
PVA hydrogel, i.e. AgNPs and EGF-encapsulated chitosan hydrocolloid in chitosan-
PVA hydrogel (SNPECHG) [145]. The SNPgCHG was incorporated with different
amounts of AgNPs (reduced from Ag* concentrations of 6, 12, 24, and 48 mM) and
different concentrations of EGF (0.6, 6, and 60 pg/mL). Owing to the release of Ag®,
the SNPECHG exhibited antimicrobial activity against S. aureus and S. epidermidis
when the hydrogel contained more than 24 mM Ag™*, whilst the cytotoxicity of the
hydrogels to both fibroblasts and keratinocytes increased in a AgNP concentration-
dependent manner. Therefore, for an effective antimicrobial activity and minimal
cytotoxicity, the optimal Ag* dose in the hydrogel was 24 mM, while the optimal
dose of EGF for promoting cell growth was around 60 pg/mL [145]. Furthermore,
SNPECHG revealed a clear efficiency for diabetic wound healing, which was
ascribed to its antimicrobial and cell growth promoting activities compared to
treatment with AgNPs alone, EGF alone, or without silver and EGF [145].

Incorporation of Curcumin (Cur)

In addition to AgNPs, Cur, the main bioactive substance of turmeric, has been
evaluated for its anti-inflammatory and antioxidant potential [146]. It is well
known that macrophages play an important role in regulating the inflammatory
response as well as in removing dead cells and cell debris from the wound. The
delayed wound healing in diabetes is attributed to the prolonged inflammation,
which is always induced by a large amount of inflammatory mediators secreted by
macrophages. Curcumin-loaded chitosan NPs (Cur-CS-NPs) could effectively
inhibit macrophage-mediated inflammation and reduce the release of inflammatory
factors from the RAW264.7 mouse mononuclear macrophage leukemia cell line and
attenuated local inflammation in the wound site of diabetic rats, thereby promoting
the wound healing process to shift from the inflammatory phase to the proliferation
and remodeling phases [147]. Furthermore, Cur-CS-NPs enhanced angiogenesis by
promoting proliferation and migration of HUVECS as well as to the diabetic wound
site [147]. Moreover, Cur-CS-NPs accelerated the wound closure rates, revealing
that it significantly promoted wound contraction and accelerated wound healing.
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Chemical Modification of Chitin and Chitosan Wound Dressings Involved
in Chronic Inflammation

The addition of antimicrobial substances is straightforward to the specific purposes
of developing anti-inflammatory wound dressings. However, as mentioned before,
dysfunctional macrophages can induce chronic inflammation and impair tissue
regeneration in diabetic wounds. Therefore, improving macrophage behaviors and
functions may enhance the therapeutic effects of diabetic wound healing [148]. The
incorporation of exogenous cytokines to improve macrophage behaviors is, how-
ever, subject to the instability of cytokines, their high cost, and uncertain dosage. To
improve the macrophage response, the design of a functional biomaterial without the
addition of cytokines is of interesting in diabetic wound healing.

Sulfated chitosan (SCS), a heparin-like substance, was crosslinked with collagen
type I (Col I/SCS) and evaluated for its activity on cultured peritoneal macrophage
(PM) in terms of the inflammatory response [148]. Macrophages polarize their
functional phenotypes from pro-inflammatory (M1) to anti-inflammatory (M2) and
provide different functions. Pro-inflammation macrophages (M1) remove pathogens
and tissue debris and secrete pro-inflammatory cytokines (e.g., TNF-a, IL-6, and
IL-1B), ROS, and proteases, while the anti-inflammation macrophages (M2) secrete
growth factors (e.g., FGF, EGF, and VEGF) and anti-inflammatory cytokines
(e.g. IL-4 and IL-10) to resolve inflammation and stimulate tissue regeneration. It
was found that Col I/SCS hydrogel reduced the expression of IL-6 and increased the
expression of IL-4, IL-10, and TGF-p1 in macrophages, i.e. a Col I/SCS hydrogel
promoted the secretion of anti-inflammatory cytokines and reduced the secretion of
pro-inflammatory cytokines in macrophages [148], implying it could improve the
shift of wound healing phases. Furthermore, the Col I/SCS hydrogel promoted the
transdifferentiation of macrophages into fibroblasts, which enhanced collagen depo-
sition and accelerated wound contraction in diabetic wounds.

6.4.2 Wound Dressings Involved in Neuroactive Substances
Incorporation of Neuropeptides

It is evident that peripheral nerves and cutaneous neurobiology contribute to diabetic
wound healing [149], where a loss of peripheral sensory and autonomic nerves along
with diminished neuropeptide production precedes the clinical symptoms of neu-
ropathy [149]. Peripheral sensory neuropathy is considered to be a major contributor
to the increased risk of foot amputations. Therefore, neuropeptides are an important
link that directly connects neuropathy to wound healing. Neurotensin (NT) are
bioactive neuropeptides that are widely distributed in the brain and in several
peripheral tissues. They are involved in the activation, growth, migration, and
maturation of specific skin cells, such as keratinocytes, macrophages, and mast
cells, and affect new vessel formation and enhance angiogenesis during wound
healing [141]. However, local administration of neuropeptides has the problem of
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their short half-life and loss of bioactivity in the wound environment. Therefore, an
alternative way is to load NT into chitosan-based wound dressings for their sustained
delivery [150].

A water soluble chitosan derivative of 5-methyl pyrrolidinone chitosan (MPC)
was synthesized and used as an NT carrier in wound dressing. A different healing
profile was observed different for the non-loaded and NT-loaded MPC treated
wounds in both the control (normal) and diabetic mice. Interestingly, wound reduc-
tion was evidently observed at around 20 and 40% on day 1, and at around 50 and
70% on day 10 post-wounding with MPC and NT-loaded MPC treatment in diabetic
mice, respectively, indicating that an NT-loaded MPC was significantly more
effective than MCP treatment alone. Moreover, granulation tissue filled the wound
bed quicker in the early phase of wound healing in diabetic mice treated with NT
and/or MPC. These phenomena indicated that NT-loaded MPC wound dressing
improved the early wound healing in diabetics. Histopathological observation of
the wound on day 10 revealed specific re-epithelialization profiles from the bottom
to the top with basal cells in the epidermis covering the scar in control mice, whilst
that occurred over the granulation inflammatory tissue which was undergoing
repair [150].

Incorporation of Melatonin

Melatonin (N-acetyl-5-methoxytryptamine; Mel), the main hormone released from
the pineal gland release, possesses widespread neuroprotective, antioxidant, and
anti-inflammatory properties [151]. Its neuroprotective property makes it beneficial
for treatment in neurological diseases, such as stroke, Alzheimer’s disease, and
Parkinson’s disease [152]. Its antioxidant and anti-inflammatory properties, together
with its neuroprotective property, make Mel an interesting potential therapeutic
agent for application in wound healing related to the peripheral neuropathy of
diabetic wounds. However, Mel is highly susceptible to oxidation, and so encapsu-
lation of Mel into polymeric NPs is used to prevent its degradation. Therefore, Mel
was loaded in lecithin-chitosan NPs (Mel-NP) [153]. The volume of the formula-
tions was calculated according to the individual daily weight and locally dropped on
the wound of diabetic rats at a Mel dose of 1.2 mg/kg rats/day. The wounds of the
Mel-NP and NP alone treated groups were almost closed on day 7 with significant
wound reduction on day 14, compared to the free Mel treated groups. In addition, NP
alone stimulated fibroblast proliferation, whilst Mel-NP accelerated collagen depo-
sition and blood vessel proliferation [153].

Another study of Mel loaded in a chitosan hydrogel also supported that
Mel-loaded hydrogels promoted angiogenesis in the early stage of wound healing
and reduced inflammation in the late stage [154]. The Mel-loaded hydrogel also
markedly increased the expression of collagen III, a-smooth muscle actin and
TGF-B1 proteins and reduced collagen I expression. These results suggested that
Mel-loaded hydrogel promoted GTF and accelerated wound healing by reducing
inflammation and promoting angiogenesis and collagen deposition [154].
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Diabetes or hyperglycemia increases the levels of pro-inflammatory cytokines,
including IL-1p, IL-6, and TNF-a, and increases oxidative stress, which mainly
cause an impaired wound healing. Excessive production of ROS results in damage to
cellular membranes, lipids, proteins, and DNA as well as becoming harmful to
wound healing [151]. Melatonin down-regulates a variety of pro-inflammatory
cytokines, such as IL-1p, IL-6, and TNF-a, by preventing the translocation of
nuclear factor-kappa B to the nucleus and its binding to DNA, as well as reducing
oxidative stress [155]. Moreover, the molecular mechanisms of Mel action on
diabetic wound healing had been examined in high glucose (HG) cultured
keratinocytes [151]. It was found that (1) Mel reduced the mRNA expression level
and release of pro-inflammatory cytokine in HG cultured keratinocytes, (2) reduced
HG-induced oxidative stress in keratinocytes, (3) inhibited HG-induced activation of
nucleotide binding and oligomerization domain-like receptor family pyrin domain-
containing three inflammasome, and (4) enhanced proliferation and migration as
well as reduced apoptosis of keratinocytes. Therefore, Mel contributes to diabetic
wound healing, including via inflammation suppression, oxidative stress attenuation,
proliferation, migration promotion, and apoptosis inhibition.

6.4.3 Wound Dressings Involved in Angiogenesis
Incorporation of Bioactive Substances

Angiogenesis, the main step in the proliferative phase of wound healing, involves the
formation of new blood vessels into the wound site and provides nutrition for wound
healing [156]. Wound dressings can be used to deliver bioactive agents to wound
sites for promoting epithelialization and treatment of severe injuries. To this purpose
of promoting angiogenesis and wound healing, several research works have been
reported to incorporate bioactive substances into the chitin or chitosan matrix. The
analysis of non-healing acute or chronic wounds in vivo and in vitro demonstrated
that those wounds were de-regulated for various growth factors, such as PDGF,
VEGF, and basic (b)FGF [157]. Therefore, using exogenous growth factors and
cytokines suggests a potential therapy for non-healing wounds, such as DFUs,
pressure ulcers, and chronic venous leg ulcers.

Basic FGF, released by platelets, is a potent modulator for fibroblasts and the
proliferation and angiogenesis of vascular endothelial cells [157]. The application of
bFGF solution onto the wound, however, cannot accelerate wound healing because
the bFGF is rapidly washed off at the wound site by the exudate. The incorporation
of bFGF into chitosan-based wound dressings is an alternative way to stabilize and
control the release of growth factors [158]. A bFGF was mixed with hydroxypropyl
chitosan (HPCH) acetate, and castas 1 x 1 cm? films with total bFGF concentrations
of 0.6, 2, and 6 pg/film. The bFGF-HPCH films with different bFGF concentrations
and HPCH film were placed onto full-thickness wounds excised on the back of
diabetic mice. Normal saline was used in the control group. The wound sizes in the
HPCH film and control groups were similar, indicating no significant acceleration of
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impaired wound healing by the application of the HPCH film alone [158]. On the
other hand, bFGF-HPCH films accelerated the wound healing in a bFGF dose-
dependent manner. The wound sizes in the bFGF-HPCH film groups (2 pg and
6 pg/film) were significantly smaller than those in the three other groups, which
indicated that the bFGF-HPCH film provided a sustained release of bFGF and
accelerated wound healing in genetically diabetic mice [158].

However, the growth factors absorbed in a chitosan matrix are diffusible in vivo.
The bFGF mostly caused a burst release with a low long-term accumulation at the
wound sites. In order to maintain the bFGF concentration in the therapeutic range, a
high dose administration is required. However, a high concentration of bFGF will
lead to a vascular tumor and cancer angiogenesis [159]. To this end, bFGF
immobilized onto the chitin binding domain (ChtBD) was made and named
ChtBD-bFGF [160]. The ChtBD was derived from the chitinase of Bacillus
circulans WL-12 and the ChtBD-bFGF or bFGF were absorbed onto the surface
of chitin films by immersion. The amount of ChtBD-bFGF absorbed on the surface
of the chitin film was determined by immunofluorescence and found to be 3.02-fold
higher than that of bFGF. On the other hand, the ChtBD-bFGF showed a sustained
release manner from the chitin film, whilst bEGF without ChtBD immobilization had
a high burst release. The chitin films bound with ChtBD-bFGF or bFGF were
subsequently evaluated for their ability in wound healing in terms of cell prolifera-
tion and promoting vascularity. It was found that the number of fibroblast cells
induced by ChtBD-bFGF was twofold higher than by bFGF with a regular cell
morphology, and an orderly and parallel actin filament. Furthermore, the endothelial
cell-specific protein marker (CD31) was used to evaluate neovascularization at the
implanted site. No obvious neovascularization was observed at the implanted site of
the bFGF chitin film or chitin film alone, but was highly observed at the implanted
site of the ChtBD-bFGF chitin film, indicating the promotion of angiogenesis [160].

The impaired wound healing of diabetic wounds is attributed to the low levels of
endogenous growth factors, including VEGF, that normally stimulate multiple
phases of wound healing. Besides, chronic diabetic wounds exhibit high levels of
matrix metalloproteinases and give rise to the degradation of growth factors
[161]. Therefore, attention had been paid to the incorporation of VEGF-loaded
NPs to a chitosan-hyaluronic acid composite sponge, which served as a growth
factor releasing wound dressing [162]. The released VEGF was sufficient to enhance
tube formation in endothelial cells (HUVECSs) in vitro, whilst the chitosan-
hyaluronic acid sponge did not show any such property. The mechanism by which
VEGEF induced angiogenesis involves activation of integrins, which is essential for
endothelial cell proliferation [162].

Moreover, as multiple proteins are involved in the wound healing process, it
might be insufficient to use a single growth factor to accelerate wound closure in
diabetic ulcers. While VEGF induces endothelial cell proliferation and migration,
bFGF is a potent mitogen for fibroblasts and keratinocytes, and is involved in the
proliferative phase of wound repair. It has been demonstrated that combined gene
transfers of VEGF and FGF improves the reparative processes in the wounded skin
of diabetic mice better than the single-agent treatment [163].
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Clinical treatment of applying mixed growth factors from an autologous platelet-
rich plasma gel (PRP) combined with a porous chitosan-alginate membrane to
venous chronic ulcers has been reported [164]. Various proteins necessary for tissue
repair and healing process are secreted by three types of granules (alpha, delta, and
lambda) located inside the platelets. Alpha-granules are the most abundant platelet
granule, and their degranulation releases several growth factors, such as PDGEF,
PDEGF, VEGF, TGF-B, EGF, IGF, and other bioactive substances, such as fibrin-
ogen, fibronectin, osteocalcin, vitronectin, IL-1, and thrombospondin-1 [34]. The
combination of various growth factors within the PRP gel and chitosan-alginate
membrane gave the effective results of GTF and angiogenesis [164]. One of the most
favorable results was the pain reduction in wounds from the early treatment, which
was probably due to the acceleration of wound healing that resulted in a decreased
analgesic intake by the patients. Owing to its high swelling capability, the exudate
released was well absorbed into porous membrane and contributed significantly to
the reduction in the intensity of a bad smell [164].

7 Conclusion

Chitin and chitosan both have a high potential for wound healing applications
because of their prominent properties, such as exudates absorbability, stimulating
hemostasis, and accelerating tissue regeneration. They can be fabricated into various
forms, such as hydrogels, membranes, fibrous mats, sponges, and hydrocolloids,
making chitin and chitosan promising materials for wound dressings and being
commercially available. Beyond the fundamental requirements of non-toxic,
non-allergenic, and non-adherent, many functional wound dressings of chitin and
chitosan have been designed to provide certain other functional properties suitable
for different wound types.

In order to design effective chitin and chitosan wound dressings, this chapter
provided an insight information into the wound healing process and factors effecting
wound healing, the fabrication methods of chitin and chitosan wound dressings,
commercially available chitin- and chitosan-based wound dressings as well as the
physical and chemical modification of chitin and chitosan to make more functional
wound dressings, such as hemostatic, antimicrobial, burn, and diabetic ulcer wound
dressings.
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