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SYNOPSIS

Globally, millions of people suffer from chronic non-healing skin wounds. Burn
wounds have a reported incidence of 7.8 million cases per year worldwide. Taking account
of the same in India, about 0.7 million burn patients get hospitalized and 0.12 million patients
die every year due to burns (Health Care Management Express, 2003). A common feature
in the treatment of all these wounds is that they need a covering for optimal healing. Depending
upon the type of dressing material used, dressings are beneficial at different levels. Suitable
dressings would help to achieve haemostasis and to control fluid loss. An effective covering
would also protect the wound from the microbial contamination. Further, materials such as
hydrogels have the capability to maintain the wound moist, which is beneficial for healing.
Finally, some wound dressings may themselves directly promote the healing process if they
contain components which directly support cell growth or migration or attract or activate
cells from the immune system and secrete certain growth-promoting substances (Thomas
et al.,2000). Other dressings may contain anti-microbial substances, which are helpful to
control infection of the wound. A wide variety of dressing materials has been developed for
wound covering over the last 30 years, many of which are currently commercially available
(Barlow, 1994; Quinn et al., 1985; Kane et al., 1996). Still there is no ideal wound dressing

material which satisfies the requirements of all types of wounds.
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Hydrogels are attractive materials for various biomedical applications, consisting of
cross-linked networks of polymer swollen with aqueous solutions and have both liquid-like
and solid-like properties. Cross-linking is usually achieved by covalent bonds, electrostatic
interactions, hydrogen bonding, hydrophobic interactions, van der Waal’s forces, physical
entanglements and crystallite formation (Hoffman, 2002). Covalent cross-linking is the
preferred method in the preparation of hydrogels. However most agents employed for
cross-linking such as glutaraldehyde, diisocyanates and polyepoxy compounds are toxic to
varying degrees (Kuijpers et al.,2000). Hydrogels derived from naturally occurring polymers
are preferred over synthetic polymers as they mimic many features of extra-cellular matrix.
Hydrogels combine the features of moist wound healing with good fluid absorbance, are
non-adherent to the wound bed and are transparent to allow the monitoring of healing. The
simplest and the most convenient approach in wound and burns management will be to
apply the material as liquid on to the wound bed so that it forms a cross-linked three-
dimensional matrix in the wound bed itself. Thus, the dressing can mould into the shape of
wound defect. The in situ application will have several advantages over the use of preformed
membranes and scaffolds since it would enable conformability of the dressing on wounds
without the dressing wrinkling or fluting in the area covering the wound. Most commercially
available dressings in the form of membranes and sheets are problematic as far as the
conformability is concerned and the in situ formation of the dressings will therefore be

superior to such dressings.

The studies reported in this thesis are aimed at the preparation and evaluation of an
in situ-forming wound dressing based on biopolymers such as sodium alginate and gelatin

which would be beneficial at different levels of wound healing. Alginates and gelatin have a
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long history of medical use as wound dressing materials (Matthew et al., 1995; Choi et al.,
1999b), haemostatic agents (Groves & Lawrence, 1986; Cenni et al., 2000), tissue
engineering scaffolds (Lee & Mooney; 2001) and drug delivery matrices (Dumitriu, 2002).
However, reports on the toxicity of alginate dressing prepared using calcium cross-linking
method have caused concern on the use of these dressings (Matthew ez al., 1995). Although
both alginate and gelatin have béen investigated individually for many biomedical applications,
published reports or patents on combining the two and thus achieving synergic beneficial
effects of both for medical use have been rare. Only one report has been found on gelatin-
alginate composite as a possible wound dressing material where, a mixture of gelatin and
sodium alginate in water is cast as a film and cross-linked using carbodiimide in 90% acetone-

water mixture (Choi et al., 1999b).

The present investigation focuses on the preparation of a hydrogel matrix from
gelatin and sodium alginate without the use of any such toxic compounds as cross-linking
agents. The aim was to prepare an in situ gelling scaffold from biopolymers of well-known
biocompatibility and biodegradability by the modification of the polymer itself so that they
enter into cross-linking with each other without the use of any extraneous cross-linking
agents. Such an in situ gelling system, it was envisaged, will have many biomedical
applications such as in situ-forming wound dressings, injectable scaffolds for tissue
engineering and drug delivery among other things. Here, alginate is initially oxidized using
periodate to give its dialdehyde derivative. The dialdehyde derivative should cross-link
proteins such as gelatin through Schiff’s base formation between the amino groups in the
protein and the aldehyde functions. The reaction of proteins with polyaldehdyes however,

is very slow to be useful as a rapidly gelling system and different strategies were examined
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to accelerate the gelling process. It was found that alginate dialdehydes having appropriate
molecular weight and degree of oxidation rapidly cross-link proteins such as gelatin in the
presence of small concentration of sodium tetraborate (borax) to give rapidly gelling systems.
Borax has a long history of medical use and the mean lethal dose in man exceeds 700
mg/kg (www.cdc.gov/niosh/rtecs/vz26¢1e0.html). Gelation time could be tailored from a
few seconds to less than a minuté depending on the concentrations of the reactants employed
thus enabling the system to be used in a number of medical applications. The rapid gelation
in the presence of borax is attributed to the slightly alkaline pH of the medium as well as the

ability of borax to complex with hydroxyl groups of polysaccharides (Coviello e al., 2003).

The thesis begins with an introductory chapter which provides a brief outline of
wound care market, skin structure and various classifications of wounds and burns. The
physiological basis of wound healing with emphasis on the effect of wound dressings on
different stages of wound healing is reviewed in this chapter. The design criteria for wound
coverage, literature on the preparation of different types of wound dressings and classification
of hydrogels are also covered. The properties of alginate and gelatin as possible candidate
materials for the present study and the aim and scope of study are also covered in this

chapter.

Chapter 2 provides the details of materials and experimental methods involved in
the preparation and characterization of rapidly gelling formulations from periodate oxidized
alginate and gelatin. Periodate oxidation of alginate in two different media, characterization
of alginate dialdehyde (ADA), molecular weight (M, ) by size exclusion chromatography,
gelation reaction with gelatin under different pH conditions, physico-chemical characterization

of hydrogels by swelling studies, trinitrobenzene sulphonic acid (TNBS) assay, scanning
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electron microscopic (SEM) methods, estimation of the rate of water loss from gels and
water vapor transmission rate are discussed. Biocompatibility evaluation of the hydrogels,
in vivo evaluation for wound healing in a rat model and incorporation of N'-2'-O-dibutyryl
adenosine, 3'5'- cyclic monophosphate (DBcAMP) in the hydrogel are also described.
The methods for evaluation of hydrogels as a drug carrier and as a tissue engineering scaffold

are also included in this chapter.

Results and discussion comprises the chapter 3 of this thesis. This chapter is divided
into eight sections.

Section 3.1 discusses the preparation of ADA by periodate oxidation of vicinal
glycols on C2 and C3 carbon atoms of the glyco-pyranose units of guluronic and mannuronic
acid residues of the alginates. Reaction was conducted at 25°C in water, under dark for 6
h. Due to poor dissolution and high viscosity of the resulting aqueous solution, periodate
oxidation of sodium alginate in water resulted in low yields of the oxidized product. There-
fore, the oxidation of alginate as a dispersion in ethanol/water mixture was examined. It was
found that the reaction in ethanol/water mixture proceeded smoothly as that in aqueous
medium and the kinetics of oxidation was surprisingly similar. Periodate oxidation as a
dispersion was found to have the advantage of preparing large quantities of the oxidized
product in one go, a huge advantage in the preparation of large quantities of the oxidized
product. Depolymerization of alginate was observed in both media, but it was extensive in
ethanol/water resulting in very low molecular weight products. Low molecular weight of
ADASs obtained by oxidation in ethanol/water mixture revealed that free radical mediated
depolymerization is prominent in this medium. Solubility analysis showed that irrespective
of the method of oxidation, the solubility of ADAs in water as well as in different buffers

increases with the degree of oxidation.
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Section 3.2 discusses the preparation of ADA cross-linked gelatin hydrogels. The
cross-linking is due to the Schiff base formation between the aldehyde groups of ADA and
g-amino groups of lysine or hydroxylysine side groups of gelatin. The effect of medium of
gelation, method of oxidation, degree of oxidation of alginate and concentration of ADA,
gelatin and borax on gelling time was evaluated. The results obtained showed that medium
with high pH were favorable for rapid gelation between ADA and gelatin. However, in the
presence of a high pH buffers such as sodium carbonate buffer, phase separation was
evident and the gels obtained were opaque in character. On the contrary, the gelation reaction
in the presence of borax was rapid and transparent gels were obtained. In borax, the good
solubility of ADA due to complexation lead to enhanced reaction rate as well as transparent
gels. Gelation in phosphate buffered saline and water was rather slow and led to the formation
of weak gels. ADAs prepared by oxidation in ethanol/water mixture gave rapid gelation as
compared to those prepared in aqueous medium. This rapid gelation has been attributed to
lower M.W of'the product obtained by oxidation in ethanol/water in comparison to that
obtained in aqueous medium. The gelling time decreased with increase in the concentration
of ADA, gelatin and borax as well as with increase in the degree of oxidation of alginate.
Particularly striking was the influence of borax concentration on the gelling time. These
phenomena are discussed in relation to the alkaline pH of the medium as well as the ability

of borax to complex with hydroxyl groups of polysaccharides (Coviello et al., 2003).

Section 3.3 discusses the physico-chemical characterization of hydrogels. This
comprises of the evaluation of degree of swelling, swelling ratio and cross-linking density
by swelling studies, cross-linking degree by TNBS assay and degradability of the hydrogel.

Generally, the cross-linking degree and cross-linking density increased with increase in



degree of oxidation. The degradation studies revealed that the hydrogels were biodegradable.
This section also deals with fluid uptake ability of gels, rate of water loss from gels and
water vapor transmission rate of gels which are important parameters for a wound dressing
material. Fluid uptake studies revealed that the hydrogels were capable of absorbing fluid
at about 90% of their weight which would prevent the wound bed from accumulation of
exudates. Rate of water loss from gels revealed that the materials lose about 30-40% water
content after one day when exposed to air which mimics the condition of a dry wound and
secondary dressing is advocated for its use on dry wounds. Water vapor transmission
studies showed that the hydrogels can maintain a moist environment over wound bed in
moderate to heavily exuding wounds which would enhance epithelial cell migration during
wound healing process. Porosity of the hydrogels was evaluated using SEM and image

analysis.

Section 3.4 deals with the in vitro and in vivo biocompatibility evaluation of these
hydrogels. Qualitative and quantitative cytotoxicity evaluation of ADA-cross-linked gelatin
gel by the direct contact assay using .929 mouse fibroblast cells revealed that the gel did
not induce any morphological changes to the cells confirming its non-toxic nature. Blood
compatibility of the hydrogel assessed by haemolysis assay showed that the hydrogels
were not haemolytic. Tests such as intracutaneous irritation on rabbits and maximization
test for delayed hypersensitivity on guinea pigs were also performed.

Section 3.5 deals with the wound healing evaluation of hydrogel by applying the gel in a rat
model using standard protocols. Wound size reduction was noted by measuring the wound
areaon 5, 10, and 15 days after the application. Gross examination revealed that subcuta-
neous aspects were normal for test wounds, whereas skin was rough, hard and haemorrhagic

for control wounds for which scab was also present on the wound bed. Superficially, after
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15 days, test wound defects filled up to 95% whereas the reduction in the defect arca was
only 75% for control wounds. This section also discusses the histology results of the wound
specimens and percentage wound re-epithelialization obtained after definite intervals of
time. After 10 days, the rate of re-epithelialization increased to 85% for test wounds; whereas
for control wounds, this was 74%. The rate of re-epithelialization further increased to 90%

and 82% respectively for test and control wounds after 15 days.

Section 3.6 deals with the wound healing evaluation of DBcAMP incorporated
hydrogel. Cyclic AMP is a second messenger which can regulate cell proliferation (Nakamura
& Nishida, 2003). Gels containing DBcAMP were evaluated using a rat model. This section
deals with the histology results and percentage re-epithelialization of the wounds after 5,
10, and 15 days of observation. The results showed that after 5 days the re-epithelialization
on the wounds covered with the DBcAMP incorporated gels was lower than that covered
with gels without cyclic AMP. However, after 10 days, all test wounds appeared to have

healed with complete epithelialization (100%).

Section 3.7 deals with the in vitro evaluation of hydrogel as a potential drug carrier.
The gels loaded with drugs such as gentamycin and primaquine were prepared and their
release profiles were evaluated. The release profile of gentamycin was studied by changing
the order of mixing the drug with the biopolymer solutions. It was found that when the drug
was first mixed with ADA, release was slower than that obtained when it was first mixed
with gelatin solution followed by the addition of ADA. The results obtained showed that the
drug was chemically conjugated to the biopolymer when it was first mixed with ADA.

Finally the antibacterial property of gels incorporated with gentamycin was also evaluated.
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Section 3.8 deals with the potential of hydrogel as a tissue engineering scaffold.
This was evaluated by encapsulating hepatocytes inside the gel and analyzing the viability
and functionality of cells within the matrix at different time intervals. Routine microscopic
examination during the culture period showed that the cells were dividing inside the matrix
demonstrating their live nature. The viability of hepatocytes examined by Neutral Red assay
showed the presence of active cells within the matrix up to 4 weeks. Estimation of albumin
secretion also showed that cells were maintaining their protein producing ability demonstrating

the suitability of the scaffold for tissue engineering.

Finally, chapter 4 contains the summary, conclusion and future prospects of the

investigations reported in thesis.

xxiii



Chapter-1

Introduction




Chapter 1 Introduction

INTRODUCTION

1.1 Wound Care Market

Wound management is a significant clinical and economic problem. Globally,
traditional dressings continue to dominate the wound care market despite the availability of
advanced wound dressings that heal wounds at a quicker rate. Advanced dressings provide
amoist wound-healing environment that is more conducive to healing than the traditional
dry environment. However, due to the apparent high cost, care providers are sometimes
reluctant to advocate their use. On the other hand, these dressings require fewer dressing
changes, utilize less care provider time and offer quicker healing, thereby reducing the total

resources used.

The advanced wound dressings and related techriologies are now being increasingly
accepted by both the hospital and alternative care markets. According to recent reports,
the advanced wound care business is estimated to grow at an average annual growth rate of

7.2% and is expected to cross US $ 3 billion by 2008 (Figure 1.1) (www.bccresearch.com).
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Figure 1.1:  Total advanced wound care market by selected segment, 2001-2008
(www.bccresearch.com)

1.2 Skin

Skin, the largest organ of the body, also known as the cutis or integument, has
surface area of 1.5 to 2 m?. It functions as a barrier preventing the body from getting dried
out and contaminated from outside with exotoxins. Skin has many other biological functions
such as controlling and regulating body temperature and acts as sensory organ to external
stimuli. Skin can be anatomically divided into two layers: the epidermis or cuticle and the
dermis or corium. While epidermis forms the superficial protective layer, the dermis provides

the firmness and elasticity of healthy skin.

The epidermis is completely cellular, typically made up of keratinized, stratified and

squamous epithelium that contains five histologically distinct cell types (Figure 1.2)(Page, 2000).
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ese cells are organized into layers that are arranged superficial to deep horny layer
atum comeum), clear layer (stratum lucidum), granular layer (stratum granulosum), prickle
llayer (stratum spinosum) and basal layer (stratum basale). The two deepest layers are
netimes grouped together as the stratum germinativum since these cells are responsible

the normal physiological regeneration of the more specific cells.

The dermis is subdivided into two layers- the papillary dermis and the reticular
mis. The dermal papillae and epidermal rete pegs provide a close, undulating layer in
nbination between epidermis and dermis. The more superficial papillary dermis contains

ch supply of blood vessels that penetrate from the deeper layers. Also contained within
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this layer are numerous nerve endings, thermo-receptors and cryo-receptors. The deeper
reticular dermis is mainly a layer of connective tissue in which fibroblasts are surrounded by
amatrix of collagen, elastin and proteoglycans that provide the structural support for the
skin. The subcutaneous tissue is deep to the dermis and contains a variety of cells -
adipocytes, fibroblasts, histiocytes, plasma cells, lymphocytes and mast cells. Many of these
cells are involved in the processing of foreign antigens that may be traumatically introduced

into skin (Bruce, 1992).

1.3 Wounds

A wound can be defined as a disruption of the normal anatomical relationships of
tissues as aresult of injury. The injury may be intentional such as surgical incision, or accidental,
following trauma. There is no such thing as a standard wound. Each will have different
requirenients and these requirements will change as healing progresses or further tissue
break-down occurs. One type of dressing, therefore, is no longer sufficient to meet the
needs of all wounds. Wounds can be of open and closed type. Open wounds will have an
opening or break in the mucous membrane, whereas in closed wounds, skin is not broken,
but the impact from the damaging object has injured or crushed tissues lying below the
tissue point. These wounds are commonly known as bruises and it will be visible as
discoloration resulting from the rupturing of blood capillaries in the injured area. Different

types of open wounds are depicted in Figure 1.3 (Aaron et al., 1979).




Chapter 1 Introduction

Puncture

Avolsion
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1.4 Burns

Wounds caused by exposure to heat, chemicals, radiations, electric current or to
severe cold are generally known as burns. The burn wound differs from other wounds in

the following ways:

a. Colonization by potentially pathogenic bacteria;
b. Presence of large amounts of nonviable tissue;

c. Exudation of large quantities of water, serum and blood.

Burns are usually classified on the basis of the extent and depth of the injury.
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1.4.1 Classification Based on the Extent of Injury

The extent of a burn injury is expressed as the percentage of total body surface
area affected due to burns. ‘Rule of nine’ (Table 1.1) is a quick way to estimate the surface
area that is affected by a burn. If the entire body is burnt, then it is considered as 100% burn

(www.emedicinehealth.com/articles/4871-8.asp).

Specification ’ Burn (%)
One hand is burnt 9
Both hands burnt 18
One leg burnt 18
Both legs burnt 36
Chest and stomach 18
Back 18
Neck and face 9
Genitals 1
Total 100

Table 1.1 : ‘Rule of nine’ for estimating the surface area effected by a burn

1.4.2 Classification Based on Depth of Injury

Burns are called first degree burns, if only epidermal layer is destroyed. It is second
degree, if a portion of dermis is also damaged along with epidermis and in the case of third
degree, there is loss of tissue through the dermis, including the hair follicles, sweat glands
and extending into the hypodermis (subcutaneous) layers. Rarely, some electrical injuries
may even extend downward through the subcutaneous tissue to involve tendon, bone, muscle

and other deep structures. In such cases, the burn is referred to as a fourth degree.
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According to new classification, first and second degree will be known under the
name ‘partial thickness’ and the third degree as the “full thickness’ burns. Second degree
burns are further classified as superficial and deep. In the superficial second degree burns,

there will be enough deep epidermal or superficial dermal layers to allow spontaneous
healing of the wound by re-epithelialization. In deep second degree burns, the epidermis is
completely destroyed and extended further into the dermis, with large amounts of necrotic
tissue together with heavy loss of fluid and chances of bacterial proliferation. These wounds,
if not treated properly will result in hypertropic scarring and it should be treated as if they
were third degree burns to permit better and faster healing. Third degree burn also is freely
permeable to fluids, proteins and bacteria with all the epidermal cells within the wound,
including those in the epidermal appendages destroyed. New epidermis seen around the
edges of the wounds will not be sufficient for re-epithelialization in all, but smaller injuries.
Myoblasts, a specialized fibroblast cells invade the wound and begin to pull the edges
inward, resulting in contractures and restriction in movement of the surrounding skin and its
structures leading to severe deformation of surrounding tissues. Prompt debridement of the
wound followed by grafting or other methods is the treatment of choice in these cases in
order to ensure the migration of epidermal cells. Best coverage for the wound is natural skin
taken from the patient itself (autograft) to avoid specific immunological incompatibility. But
for patients with more than 50% burns, obtaining autograft will be difficult and we have to
depend on skin grafts from cadavers (allografts), though in some cases, it may cause
immunological problems and eventual rejection. Porcine xenografts have been used after
preservation, but problems regarding its storage and biocompatibility restrict their usefulness

(Quinn et al., 1985; Kane et al., 1996).
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1.5 Design Criteria for Wounds Coverage

Wound healing is a dynamic process and the performance requirements of a dressing
can change as wound healing progresses. However, it is widely accepted that a warm,
moist environment encourages rapid healing and most modern wound care products are
designed to provide these conditions. Besides this, dressing should have certain other
properties like ease of application and removal and proper adherence so that there will not
be any area of non-adherence left to create fluid filled pockets for the proliferation of
bacteria. Fluid balance in burn injury is very important since heavy loss of water from the
body by exudation and evaporation may lead to fall in body temperature and increase in
metabolic rate. Water vapour transmission rate of normal skin is approximately 8.5+ 0.5
g m~ h' while retaining proteins and electrolytes, whereas, it is at a much higher rate of
178.1£5.5gm?h' and 143+4.5 gm™ h! for partial and full thickness burns respectively.
Ideally, the dressing should also be permeable to other gases such as oxygen and carbon
dioxide. It also should provide bacterial barrier to prevent infection and mechanical
characteristics to accommodate movement and durability. Materials to be used for dressings
should be tested for its toxicity, sensitization and irritation and it should be sterilizable.
Further, the dressing should be affordable and easily available (Quinn et al., 1985; Kane
et al., 1996). Effective wound management requires an understanding of the process of

tissue repair as well as extensive knowledge of the properties of dressings available.
1.5.1 Physiological Basis of Wound Healing

The healing of wounds is a complex dynamic process that involves many phases,
each characterized by the integrated actions of different cells. It is an intricate, organized

response to tissue injury that involves cellular and extracellular matrix components. Different
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processes involved in wound healing include: haemostasis, inflammation, proliferation and

remodeling (Figure 1.4) (Schilling, 1976).
1.5.1.1 Haemostasis

The healing starts with an inflammatory response characterized by a surge of tissue
fluids into the wound site within few minutes of wounding. Following this, there will be
increased blood supply followed by the aggregation and degranulation of the platelets that
come into contact with damaged collagen and other tissue debris. Alpha granules released
during this process contain factors that affect clotting, as well as potent polypeptide growth
factors (Pessa et al., 1987). The deposition and polymerization of fibrin occurs together
with continued aggregation of platelets, thus forming a thrombus. The formation of the
thrombus within the wound with reactive vasoconstriction of the traumatized vessels leads
to haemostasis. This thrombus acts as a scaffold, providing a substrate to which inflammatory
cells attach and migrate into the wound site (Weigel ef al., 1986). Platelets also release
platelet-derived growth factor (PDGF), a chemo-attractant for smooth muscle cells
(Grotendorst et al., 1983) and fibroblasts (Seppa et al., 1982). Transforming growth factor- 3
(TGF-p) released by platelets (Roberts et al., 1986) has a similar chemo-attractive effect

for inflammatory cells and fibroblasts.

1.5.1.2 Inflammation

Secondary vasodilation and increased capillary permeability result in the initiation of
acute inflammation as neutrophils enter the wound site. By 4 hours, a layer of clear exudates
will be seen above the blood clot on the wound surface. The neutrophils principally have an

immunological function, controlling local bacterial contamination and aiding in the debridement
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of devitalized tissue. Products which assist rapid and efficacious removal of necrotic tissue

and enhance healing are an integral and essential part of the wound management.

Neutrophil infiltration peaks at about 24 hours post wounding, and slowly recedes
as monocytes enter the wound. These circulating monocytes are converted into macrophages
as they continue to destroy bacteria and debride the wound. Similar to platelets, macrophages
also have a vital function related to subsequent healing events (Diegelmann ez al., 1981).
Macrophages also secrete growth factors, such as TGF-f3, which stimulate the proliferation
of fibroblasts and thus positively affecting collagen synthesis. Additionally, other cytokines
such as interleukin-1(IL-1) and tumour necrosis factor (TNF) are released from
macrophages. It has been found that treatments aimed at inducing macrophages into wounds
or activating them at certain stages of healing may change a non-healing wound into a

healing one (Swaim et al., 1993).

Other inflammatory cells involved in normal wound healing are lymphocytes, plasma
cells and mast cells. The composition of wound matrix changes during the inflammatory
phase. Fibrin is the initial component of the matrix, largely as a result of haemostasis. As
vascular permeability increases during the onset of acute inflammation, exudation of plasma
components occurs, resulting in the entry of complement, antibodies, and other plasma
components into the wound. During this exudation, fibrin is replaced by glycosaminoglycans
and proteoglycans. When this acute inflammatory response subsides, gelation of serous
exudate layer occurs and the exposed surface will become dry due to the loss of water to
the atmosphere. This dehydration results in scab formation. Once scab formation is complete,
epidermal regeneration begins (Barnett & Irving, 1991). It has been found that if this scab

formation is prevented, the rate of epithelialization is markedly enhanced (Winter, 1962).

.
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1.5.1.3 Proliferative Phase

Approximately after 3 to 4 days of post wounding, fibroblast infiltration and
proliferation are prominent. Endothelial cells also proliferate as neovascularization proceeds.
The cellular migration that occurs is guided by the provisional matrix that exists within the
wound, anatomical tissue planes and planes aligned according to the tension across the
wound. The entry of fibroblasts into the wound is crucial to the healing process since these
cells synthesize collagen, the primary structural component of the repaired tissue (Jackson,
1977). Collagen is the final and permanent component of the wound matrix. Smooth muscle
cells, epithelial cells and endothelial cells also synthesize collagen (Stevenson & Mathes,
1988). Collagen Type- Il is synthesized and deposited as the initial form of collagen in
healing wounds, but it is quickly replaced by Type I, the predominant collagen of skin. As
contact of fibroblasts with mature collagen fibrils leads to the reduction in collagen synthesis,
collagen and pro-collagen peptide based dressings may be useful in the reduction of
contractures or scarring. There has been greater interest in using biopolymers such as collagen,
hyaluronate, chitosan and alginates as wound healing materials to attract cells into the woﬁnd
to effect repair (Hu et al., 2003; Lahiji et al., 2000; Thomas et al., 2000, Purna & Babu,

2000).

1.5.1.4 Remodeling

Remodeling is the last and longest phase of healing in which scar maturation occurs
for months to years after the initial collagen synthesis. The major processes occurring during
this phase are the dynamic remodeling of collagen and the formation of the mature scar. The
net deposition of collagen in all tissues, including wounds is a balance between two opposing

processes; collagenolytic activity and collagen synthesis (Peacock, 1980). However, the
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wound collagen never achieves the bundled, organized pattern of normal dermal collagen.
This is reflected in the fact that the strength of healed tissue never equals that of uninjured

skin (Levenson et al., 1965).
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Figure1.4: Temporalrelationship between the multiple processes occurring in
dermal wound healing.

1.5.2 Types of Wound Healing

The rate of wound healing varies with the type of tissue undergoing repair. Primary
healing, delayed primary healing and healing by secondary intention are the three main
categories of wound healing. Wounds that have been closed shortly after injury by means
of suturing or stapling, where there is no infection, heal by primary intention. Scar formation
is minimal and these wounds heal rapidly by connective tissue deposition. In wounds whose
edges remain open and there is severe trauma and infection, the healing is by secondary
intention; the main mechanism of which is contraction, with additional contribution made by

.
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epithelialization and connective tissue deposition. Wounds that are left open for one to two
days and then surgically closed heal by delayed primary intention. Even though different
categories exist, the interactions of cellular and extra-cellular constituents are similar (Lin

etal., 1997).

1.6 Wound Dressings-An Overview

Various substances have been used to cover wounds from the ancient times. The
Egyptians (c.1550 BC) used castor oil to treat septic wounds and burns. While Gamgee
used absorbent cotton for dressing in 1880, Lumiere used ‘tulle grass’ (paraffin impregnated
gauze) in 1903 (Ulubayram & Hasirci, 1998). Various biological dressings derived from

porcine skin and amniotic membrane, were also used (Park, 1978).

In the early 1960s, G.D. Winter first reported that wound healing progressed faster
in a moist environment and this revolutionized the wound dressing industry (Winter, 1962).
The understanding that control of the wound environment is crucial to the initiation and
maintenance of repair led to the proliferation of many film dressings in the 1970s and 1980s.
Synthetic polymer dressings made of thin polymer layers of silicone, polyurethane, poly(vinyl
chloride) or polyethylene then arrived. However, they showed low water vapour transmission
and led to pooling of exudates under the dressing. In order to provide absorbency, a number
of dressings were then designed. Non-adherent and absorbent dressings are generally
obtained by covering absorbent pad with non-adhering perforated films. Examples of this

type of dressings are Melonin®, Telfa®, Perfron®and Lotus®(Wiseman et al., 1992).

The composite foam/film dressings developed subsequently succeeded in retaining

exudates away from the wound, whilst the outer film layer maintained a moist environment




Chapter 1 Introduction

at the wound surface. Yannas et al. was first to develop such dressings which consisted of
asilicone membrane attached to an inner layer of collagen sponge (Yannas & Burke, 1980).
This composite matrix having a well defined pore structure and cross-linking density optimized
re-growth of the cells while minimizing scar formation. Similar bilayer wound dressings
were developed by Suzuki et al. by modifying Yannas’ technique (Suzuki et al., 1990).
Numerous other dressings based on these principles have been developed. Biobrane®
(Woodroof, 1984) is a bilaminate membrane with an 6uter layer of ultra thin silicone rubber,
mechanically bonded to a fine knit, flexible Nylon fabric. Epigard® (Alexander et al., 1973)
consists of an inner layer of reticulated polyurethane foam laminated to an outer sheet of
microporous polypropylene film. Mi ef al. (Mi et al., 2002) developed a new type of
bilayer chitosan wound dressing, consisting of a dense upper layer and a sponge-like lower
layer, which is suitable for the topical delivery of silver sulphadiazine. A drug-impregnated
polyelectrolyte complex sponge composed of chitosan and sodium alginate was prepared
by Kim et al. (Kim et al., 1999a). Dressings capable of controlled delivery of anti-bacterial

agents were also developed (Lin et al., 2001).

The failure of composite ﬁlm/foém dressings to penetrate the market was largely
due to the success of the hydrocolloids which generally contained a synthetic material such
as carboxymethyl cellulose embedded in an adhesive and backed with semi-permeable
films, which were introduced around the same time (e.g., Comfeel® Ulcus® and Granuflex®)

(Turner, 1985; Chen, 1976).

A number of other innovative approaches were then developed. Alginate-based
dressings were produced as thin non-woven films or as fibres. Upon contact with the
wound fluid, they turn into a gel that has a high absorptive capacity for wound fluid. Examples

include Kaltostat (Brit-Cair, UK) and Sorbsan (Steriseal, UK) (Gilchrist & Martin, 1994).

Iy I
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Combination dressings such as hydrogels with films and hydrocolloids with foams
have also been launched in an effort to achieve a fine balance between control of exudates
and retaining moist conditions at the wound surface and to get closer to the concept of the
universal dressing (Barlow, 1994). Loke et al. (Loke et al., 2000) developed a dual layer
wound dressing in which upper layer is a carboxymethyl-chitin hydrogel material, while
lower layer is silver sulphadiazine incorporated chitosan acetate foam which can prevent

microbial invasion.

A variety of natural polymers including collagen, fibrin, fibronectin, alginate, chitosan,
dextran, hyaluronic acid etc. have been studied as dressing for dermal wounds. Collagen
can be formulated in many different ways as fabric, composite film, reconstituted collagen
fibres, reconstituted extruded strips, sheets reconstituted on Dacron mesh, microcrystalline
sheets, dermal collagen allografts and collagen sponge grafts depending on the properties

desired and methods of application (Quinn et al., 1985).

Sprayable wound dressings improve patient compliance and comfort, with its
distinctive advantages like ease of application and localized delivery especially in the case
of burns (Kane et al., 1996). ‘Hydron’ is formed in situ on the burn wound by spraying the
surface alternatively with poly(2-hydroxyethyl methacrylate) powder and liquid poly(ethylene
glycol)-400. The membrane is easily removed from the wound bed, but their high cost
limits their use over simpler dressings (Nathan et al., 1975). Pluronic F-127, a block
copolymer of hydroxyl terminated propylene and ethylene oxides forms a clear gel at body
temperature. (Schmolka, 1972). Kirker et al. (Kirker et al., 2002) prepared chemically
cross-linked glycosaminoglycan hydrogel films by cross-linking their hydrazide derivatives

with poly(ethylene glycol ) propiondialdehyde.
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At present, there is no one dressing satisfying all the desired requirements. Modern
dressings are designed to facilitate the function of the wound rather than just to cover it.
Principles of wound dressings are changing, especially in relation to debridement of wounds

and control of the wound environment.

1.7 Hydrogels as Wound Dressings

Hydrogels are popular among the many categories of advanced wound dressing
products available today (Eisenbud et al., 2003). Most of these dressings are transparent
to allow inspection of wounds. Moreover, they provide a moist wound healing environment
and are impermeable to bacteria, thus preventing bacterial infection. The hydrogels adhere
to the wound surface without the use of any synthetic adhesives and their absorptive capacity

makes them appropriate for moderate to heavily exuding wounds (Barlow, 1994).

A number of wound dressings based on hydrogels are already in the market
Examples are Geliperm® (Gelistlich Pharma, Switzerland), Vigilon® (CR Bard, USA),
Koolgel® (Cambrex Hydrogels, USA) etc. Most of these dressings are preformed hydrogels

in the form of sheets and membranes.
1.7.1 Hydrogels

Hydrogels are three-dimensional networks of hydrophilic polymers that can absorb
large amount of water without undergoing dissolution because of their cross-linked structure.
Because of this, they have physical characteristics similar to soft tissues. Over the past three
decades, a number of hydrogels differing in structure, composition and properties have

been developed (Graham, 1998a; Graham, 1998b; Peppas, 1987; Peppas et al., 2000).
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Depending on the forces responsible for this networking, they can be classified as
physical gels and chemical gels. When the networks are held together by molecular
entanglements or secondary forces like ionic, H-bonding or hydrophobic forces, resulting
hydrogels are called reversible or physical gels (Campoccia, 1998; Prestwich, 1998). When
hydrogels are covalently cross-linked networks, they are called “permanent” or “chemical”
gels. The amount of water in a hydrogel will determine the absorption and diffusion of
solutes through the hydrogel. This is most influenced by the composition and cross-link

density of the hydrogel (Hoftman, 2002).

1.7.1.1 Physically cross-linked gels

Physical forces such as electrostatic forces, hydrophobic interactions, hydrogen
bonding, van der Waal’s forces or combination of these interactions can cause the association
of two or more complimentary polymers, leading to the formation of hydrogels. Different

methods for the preparation of physically cross-linked hydrogels are provided in Table 1.2.

1.7.1.2 Chemically cross-linked gels

Hydrogels can also be prepared by means of various chemical reactions such as
radical polymerization, Schiff’s base formation, addition, condensation and enzymatic

reactions (Table 1.3).
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Physical gels

Polymer solution forms gel on warming (e.g., PEO-PPO-PEO block copolymers in H,O)
Polymer solution forms gel on cooling (e.g., agarose or gelatin in H,O)

Repeated freeze-thawing of polymer in aqueous solution leads to the formation of

microcrystals by cross-linking (e.g., freeze-thaw PVA in aqueous solution)

Decreasing pH of aqueous solution of two different polymers to form a H-bonded gel (e.g.,
PEO and PAAc)

Coacervate gel formation by simply mixing solutions of polyanion and polycation
(e.g., Sodium alginate and chitosan)

Gelation of a polyelectrolyte solution with a multivalent ion of opposite charge (e.g., Na*
alginate + Ca*" + 2CI).

Table 1.2: Methods for synthesizing physical hydrogels.
Abbreviations: PEO: poly(ethylene oxide) PAAc:poly(acrylic acid)
PVA: poly(vinyl alcohol) PPO:poly(propylene oxide) (Hoffman, 2002)

Chemical gels

Cross-link polymers in the solid state or in solution with:

Radiation (e.g., irradiate PEO in water)

Chemical cross-linkers (e.g., treat collagen with glutaraldehyde or bis-epoxide)
Multifunctional reactive compounds (e.g., PEG + diisocyanate = PU hydrogel)
Copolymerize a monomer + cross-linker in solution (e.g., HEMA + EGDMA)

Polymerize a monomer within a different solid polymer to form an IPN gel

( e.g., AN + starch)

Chemically convert a hydrophobic polymer to a hydrogel (e.g., partially hydrolyze PVAc to
PVA or PAN/PAAmM/PAAc)

Table 1.3: Methods for synthesizing chemical hydrogels.

Abbreviations:  AN:acrylonitrile, EGDMA:ethylene glycol dimethacrylate
HEMA:2-hydroxyethyl methacrylate PEO: poly(ethylene oxide)
PU: polyurethane, PAAc: poly(acrylic acid)
PVA: poly(vinyl alcohol) PPO: poly(propylene oxide)
PEG: poly(ethylene glycol) FAN: poly(acrylonitrile)

PAAm: poly(acrylamide) (Hoffman, 2002).
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1.8 Alginates as Wound Dressings

Alginates have been used in a number of biomedical applications such as cell and
drug delivery vehicles, dental impression materials and wound dressings (Shapiro & Cohen,
1997; Gombotz & Wee, 1998; Bouhadir et al., 2000; Bouhadir ef al., 2001a; Cook,
1986, Schmidt et al., 1993). Alginate dressings absorb moisture and maintain a moist
environment in the wound bed conducive for optimal healing (Gensheimer, 1993). Some
dressings have also been shown to have significant haemostatic properties (Groves &
Lawrence, 1986). It has been demonstrated that alginates containing zinc ions have potential
effect on pro-thrombotic coagulation and platelet activation (Segal & Hunt, 1998). Products
available in market are Algosteril®, Kaltostat®, Kaltoclude®, Kaltogel®, Sorbalgon®,

Sorbasan® and Tegagel®.

Some alginate dressings (e.g., Kaltostat) enhance wound healing through additional
bioactive mechanisms. These are shown to induce the stimulation of human monocytes to
produce elevated levels of TNF-a, Interleukin-6 (IL-6) and IL-1f. Production of these
cytokines at the wound site would result in delivery of a pro-inflammatory stimulus which is
advantageous in wound healing. It is also postulated that the high levels of bioactivity of
these dressings is due to the presence of endotoxin in alginates since these are derived from

natural sources (Thomas et al., 2000).

Despite all these merits, studies have shown that residual alginate fibres are non-
degrading and are remaining in the wound bed. In addition, cytotoxicity studies showed
that these dressings are cytotoxic to fibroblasts and epidermal cells due to the diffusion of

calcium ions from the gels in physiological conditions (Odell ez al., 1994; Barnett & Varley.
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1987; Matthew et al., 1995). These defects indicate that there is still room for improvement

n dressing formulations based on alginates.

.8.1 Structure of Alginates

Alginates are natural polysaccharides extracted from brown algae. Irrespective of
he source of alginates, it is an anionic linear polysaccharide composed of 1, 4-linked B-D-
nannuronate (M) residues and 1, 4-linked a-L-guluronates (G) in varying proportions
Rees & Welsh, 1977). Alginates are not random copolymers but, according to the source
Igae, consist of blocks of similar and strictly alternating residues (i.e. MMMMMM,
1GGGGG and GMGMGMGM), each of which have different conformational preferences

nd behavior. The structure of alginate is illustrated in Figure 1.5 and Figure 1.6.

igure 1.5: Structural unit of alginate.

An important feature of alginate is its gelation in the presence of divalent cations,
uch as calcium. The G-blocks are responsible for the “egg box” formation with calcium
ons or other alkaline earth metal ions (Figure 1.7) (Grant ez al., 1973). However, alginate
els dissolve in an uncontrollable manner following the loss of divalent cations releasing high

nd low molecular weight alginate units (Shoichet e al., 1996).
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1987; Matthew et al., 1995). These defects indicate that there is still room for improvement

in dressing formulations based on alginates.

1.8.1 Structure of Alginates

Alginates are natural polysaccharides extracted from brown algae. Irrespective of
the source of alginates, it is an anionic linear polysaccharide composed of 1, 4-linked 3-D-
mannuronate (M) residues and 1, 4-linked o-L-guluronates (G) in varying proportions
(Rees & Welsh, 1977). Alginates are not random copolymers but, according to the source
algae, consist of blocks of similar and strictly alternating residues (i.e. MMMMMM,
GGGGGG and GMGMGMGM), each of which have different conformational preferences

and behavior. The structure of alginate is illustrated in Figure 1.5 and Figure 1.6.

Figure 1.5: Structural unit of alginate.

An important feature of alginate is its gelation in the presence of divalent cations,
such as calcium. The G-blocks are responsible for the “egg box” formation with calcium
ions or other alkaline earth metal ions (Figure 1.7) (Grant et al., 1973). However, alginate
gels dissolve in an uncontrollable manner following the loss of divalent cations releasing high

and low molecular weight alginate units (Shoichet et al., 1996).
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1.8.2 Degradation

1.8.2.1 Acid Hydrolysis

Generally, polysaccharides degrade via hydrolysis of glycosidic linkages by an acid
catalyzed mechanism (Figure 1.8). Compared to other sugars, glycosidic linkages involving
uronic acids such as M and G are quite resistant towards hydiolysis in very strong acids.
However, at pH values near the pKa value of alginates (pH 1-4), protonated (-COOH)
form of M and G contributes to the hydrolysis by intra molecular catalysis in addition to the

free H" ions (Smidsrod et al., 1966).
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Figure 1.8: Acid hydrolysis.

1.8.2.2 Alkaline Hydrolysis

Glycosidic linkages are generally very resistant to alkaline hydrolysis. However,
4-linked uronic acids are susceptible to cleavage by an OH- catalyzed 3-elimination reaction
(Figure 1.9) leading to the formation of a 4, 5-unsaturated uronic acid at the non-reducing
end. Therefore, the rate of this type of degradation increases rapidly at high pH-values and
becomes proportional to the concentration of OH-ions at pH—values above 10.5 (Haug

et al., 1967).
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Figure 1.9: Alkaline -B—elimination in alginates.
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1.8.2.3 Enzymatic Degradation

Enzymes degrading alginates have been isolated from many marine and terrestrial
bacterial isolates and marine gastropods. All the enzymes characterized so far are lyases
(eliminases) cleaving the polysaccharides by f—elimination. In the case of enzymatic
degradation, different enzymes need different optimum pH and show different specificities

(Haugen, 1990; Ostgaard & Larsen, 1993).

1.8.2.4 Oxidative—Reductive Degradation

Alkaline solutions also favour another type of degradation, called oxidative-reductive
depolymerization (ORD). ORD of alginates involves a series of free radical reactions which
ultimately leads to chain scission. Auto-oxidizable compounds like ascorbate, sulphites and
phenols in particular will initiate ORD. In addition, molecular oxygen and transition metal
ions (e.g. Fe*"/Fe*") are efficient catalysts for ORD. The mechanism involves oxidation of
the reducing compound yielding a peroxide, followed by decomposition of the peroxide to
free radicals leading to chain reactions, some of which result in the depolymerization of the

alginate.

1.8.2.5 Degradation by Temperature and Irradiation

At high temperatures, during drying or sterilization, degradation may take place.
This reaction, which involves the cleavage of —C-O- linkages, is normally slow. Irradiation
with y rays may also lead to degradation. Here also ORD mechanism is involved initiated
by irradiation. The absence of oxygen can decrease the rate of degradation to certain

extent.

B
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1.8.2.6 Degradation in Organisms

In organisms where there is no alginate lyase enzymes to degrade, alginates are
reported to be broken down into simple glucose like residues and is absorbed (Gilchrist &
Martin, 1994). This is however, controversial. Although alginates having low molecular
weight (<80 KDa), are known to be excreted from the body, recent studies (Bouhadir
etal.,2001b) have shown no evidence of degradation or breakdown of the alginate fibres
when used as wound dressings (Matthew et al., 1995). Lansdown and Payne studied the
biodegradability and ability to evoke local tissue reactions of alginate swabs implanted
subcutaneously in rats and found no significant evidence of biodegradation within three
months (Lansdown & Payne, 1994). There are reports that alginate fibres left in an apicectomy
cavity of a patient were relatively resistant to degradation and could persist for more than six

months (Rosdy & Clauss, 1990).

1.8.3 Derivatives of Alginates

Modification of alginates has received very little attention so far. Modification is
restricted within narrow limits due to the low reactivity of the hydroxyl group. There are two
types of reported derivatives, one is alginate esters and other is a cross-linkable alginate. Of
these derivatives, the only derivative having a commercial value is the propylene glycol ester
of alginate that is obtained by esterification of alginate with propylene oxide under pressure

(Draget et al., 1997).

Cross-linkable alginate was prepared by periodate oxidation of both, guluronic
acid derived from alginate having molecular weight of 6000 Da (Bouhadir et al., 2000) and

sodium salt of alginic acid (Bouhadir ef al., 1999). These were either cross-linked with
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calcium ions or adipic hydrazide to prepare hydrogels suitable for tissue engineering and
drug delivery. Though higher molecular weight alginates are found to be non-biodegradable,
its oxidized derivative was found to be degradable. Partially oxidized alginates degraded
over time to yield low molecular weight oligomers, with the rate of degradation dependent
on the pH and temperature of the medium (Bouhadir et al., 2001b).. Alginate derived
polymeric surfactants were prepared by Kang et al. by reducing the Schiff’s base formed

between oxidized alginate and long chain alkyl amines (Kang ez al., 2002).

1.9 Gelatin as a Wound Dressing Material

Gelatin has been known to be biodegradable, biocompatible, non-immunogenic
(Lacroix et al., 1995), activates macrophages (Tabata & Ikada, 1987), and has a low
coagulation activity towards platelets (Tomihata et al., 1994) which makes it suitable for
various biomedical applications such as haemostatic sponges (Cenni et al., 2000), sealant
for vascular prosthesis (Guidoin et al., 1987; Jonas et al., 1988; Marois et al., 1995) and

as a drug carrier (D1 Silvio ef al., 1994; Narayani & Rao, 1994; Lou & Groves, 1995).

Gelatin-based wound dressings have received considerable attention (Neumann
etal., 1981; Peterson et al., 1984; Takahashi et al., 1993; Yao et al., 1996; Fakirov
et al., 1996). Gelatin can be cross-linked with various cross-linking agents (Shalaby &
Park, 1994). Cross-linked gelatin fabricated into dry sponges is useful for inducing
haemostasis in bleeding wounds. Commercially available sponges include Spongostan
(Ferrosan, Denmark) and Gelfoam (Upjohn, USA). Gelatin-alginate sponge cross-linked
using carbodiimide has been studied and evaluated as a wound dressing by Choi et al.

(Choi et al., 1999a). They also developed an artificial skin impregnated with silver sulphadiazine
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using hyaluronic acid to form a cross-linked structure with gelatin in the presence of
carbodiimide (Choi et al., 1999b). Gelatin based spray-on foam bandage incorporated
with broad spectrum antibacterial agent, 2-bromo-2-nitropropane-1,3-diol has also been
evaluated (Neumann et al., 1981). Genipin, a natural cross-linker has also been used to
cross-link gelatin to prepare a wound dressing material (Chang et al., 2003). Ulubayram
et al. synthesized a polymeric bilayer wound dressing containing epidermal growth factor,
in which a porous sponge of gelatin formed the uﬁderlying layer and a polyurethane
membrane formed the external layer (Ulubayram et al., 2001). Gelatin cross-linked using
oxidized dextran for use as a wound dressing material has been reported (Draye et al.,
1998). Porous scaffolds based on gelatin and B-glucan, have been studied as bio-artificial
skin (Lee et al., 2003). However, the toxicity of cross-linking agent still remains the major
impediment in the development of a gelatin based wound dressing. A gelatin-based wound

dressing which uses a different, less toxic, cross-linking agent would be very desirable.

1.9.1 The Composition of Gelatin

Gelatin is produced by controlled acid or alkaline hydrolysis of collagen, the most
abundant protein in the animal kingdom. Collagen exists in different forms, but gelatin is
only derived from sources rich in Type I collagen which contains no cystine. Gelatin molecule
contains repeating sequences of glycine-proline-hydroxyproline triplets, which is basically
responsible for the triple helical structure of gelatin and its ability to form gel. The amino
acid analysis of gelatin is variable depending on the raw material and process used, but
approximate values by weight are glycine, 26.4-30.5%; proline, 14.8-18%; hydroxyproline,
13.3-14.5%; glutamic acid, 11.1-11.7% and alanine, 8.6-11.3%. Reactive groups present

per 100 g of high quality gelatin are primarily, hydroxyl, carboxyl and amino at an amount of
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approximately 100, 75 and 50 meq of each of these groups respectively. Modes of
hydrolysis generate two different types of gelatin-Type A and Type B and reactive groups
may vary a little between these two types. Acidic treatment yields Type A gelatin having an
isoionic point 7 to 9 due to limited hydrolysis of the asparagine and glutamine amino acid
side chains, whereas alkaline treatment hydrolyses the asparagine and glutamine relatively
quickly, with the result that the Type B gelatin has an isoionic point of 4.8 to 5.2. Acid
curing produces gelatin with high gel strength of 290-300 Bloom, while the same collagen

source when subjected to alkaline cure yields a basic type gelatin averaging 256-260 Bloom.

1.9.2 Solubility

Gelatin is practically more convenient than commercially available collagen as it is
extremely difficult to prepare collagen solution in high concentrations. Gelatin is only partially
soluble in cold water; nevertheless dry gelatin swells or hydrates when stirred into water.
On warming to 40 °C, it will form uniform solution when it has been allowed to hydrate for
30 min. However it forms thermally reversible gels with water and the gel melting temperature
(<35 °C) is below body temperature. Gelation is markedly affected by the presence of
electrolytes. Soluble sulphates, malates and citrates greatly increase the rate of gelation at
any given concentration and temperature whereas chlorides, nitrates and thiocyanates retard
gel formation and are called liquefiers or peptizing agents. Organic peptizing agents like
urea, thiourea, ethylene chlorohydrin, sodium naphthalene sulfonate, ethyl ether and chloral
hydrate also retard gelation. Even though this will render gelatin to exist in fluid form at room
temperature, there is reduction in viscosity which appears to be a manifestation of unwinding
of the collagen coiled fibres since there is large drop in average molecular weight associated
with only a minor increase in rupture of peptide linkages (Mark ez al., 1967; Mac Gregor

& Greenwood, 1980).

|
= 127 F



Chapter 1 Introduction

1.9.3 Cross-linking of Gelatin

The thermal and mechanical properties of the gelatin can be modified by cross-
linking. Several physical and chemical cross-linking methods have been reported. Physical
methods include dehydro-thermal treatment and UV-irradiation (Welz & Ofner, 1992).
However, these methods cannot control the degree of cross-linking. Chemical cross-linking
agents are of two types- non zero-length and zero-length. Zero-length cross-linkers are
which introduce cross-links without the incorporation of foreign structures into the network
e.g., by activating carboxylic acid residues to react with free amino groups in the protein
molecule, resulting in the formation of an amide bond. Acyl azide (Rao, 1995) and
carbodiimide cross-linking are the representatives of this class (Lee ef a/., 1996; Kuijpers
et al.,2000). Non-zero length cross-linkers introduce poly- or bi- functional cross-links
into the network structure by bridging free amino groups of lysine or hydroxy lysine, or free
carboxylic acid residues of glutamic and aspartic acid of the protein molecule. These cross-
linkers include aldehydes (formaldehyde, glutaraldehyde, glyceraldehydes) (Digenis et al.,
1994; Vandelli et al., 2001; Miyata et al., 1992; Tang & Yue, 1995; Tu et al., 1994) and
isocyanates (Naimark et al., 1995; Petite et al., 1994). However, all these agents are toxic

and would be leached into the body upon biodegradation of the hydrogel.

1.10 Aim and Scope of Work

According to the latest reports (Health Care Management Express, 2003) more
than 700,000 patients are hospitalized and 120,000 die annually, due to burns injury every
year in India. We have only 32 burn units, and that too with inadequate facilities. Prompt

replacement of the integrity of the skin is a corner stone of therapy for these patients. While
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the chances of survival of severe burn patients can be enhanced by skin grafting, burn
surgeons regret that cadaveric skin donation cannot be practiced due to the non-inclusion
of skin in Transplantation of Human Organs Act, 1994. Live skin donation is hampered by
unavailability of donors, the risks associated with viral contamination and the pain and trauma
that the donor has to undergo. Under these circumstances, there is high need for the

development of wound dressings which are potentially beneficial to large number of patients.

In the case of severe burns, trauma, ulcers and other conditions where there is
significant damage of tissue, wounds should be covered with a dressing, which replaces the
functions of'the natural skin. It should reduce the evaporation of water from the wound bed
and associated energy loss, prevent or minimize the microbial invasion at the wound site
and stimulate the healing process by providing a support for the vascularization and tissue
regeneration at the interface between the dressing and the wound surface. Also, application

of dressing should be uncomplicated and cost effective.

Most commercially available dressings in the form of membranes and sheets are
problematic as far as the conformability isvconcemed and the in situ-formed dressings will
therefore be superior to pre-formed dressings. /n situ-forming dressings are beneficial in
the sense that it will avoid complications such as wrinkling and fluting of the dressing on the
wound bed. /n situ-forming dressings also can achieve circumferential coverage of wound

with least pain, especially in the case of burns.

The present work aims at the development of an in situ-forming dressing, based on
biopolymers which when applied onto the wound bed forms a hydrogel very rapidly. There
are reports (Thomas et al., 2000) suggesting that certain alginate dressings (e.g., Kaltostat)
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