
ABSTRACT 

HUANG, JIANTAO. An Investigation on the Use of Chitosan for Donor Site Wound 

Dressings. (Under the direction of Dr. Martin W. King.) 

 

Burn wounds are one of the leading accidental injuries around the world, and they often make 

use of donor-site skin autografts harvested from the patients themselves. Another type of injury 

called a donor-site wound is created by such surgical procedures. A standardized procedure 

has not been proposed to treat donor site wounds from the clinical management perspective. 

They are often treated in the same way as burn wounds, although the wound etiologies are 

completely different. From a previous survey undertaken by our research group, it was believed 

that pain-relief, a non-adherent dressing, the prevention of wound desiccation, as well as 

antibacterial and hemostatic properties are the major desirable features faced by the healthcare 

team when managing donor site wounds. Chitosan is a derivative of chitin, and is known to 

contribute to its antibacterial performance and hemocompatibility. As for the structure of a 

dressing material, it is believed that a thin foam structure will obviously not release any fibers 

into the wound. It will allow the exudate to penetrate into the structure and keep the wound 

moist, so the wound will be non-adherent and the porous structure will be gas-permeable. So 

with these ideal characteristics it is now feasible to investigate the use of chitosan foam as a 

possible dressing material for donor site wounds. 

 

Samples of porous chitosan or chitosan foam were prepared by three different controlled 

freezing methods and lyophilization of the chitosan solutions. The morphology and porosity 

of these foam dressings have been evaluated and compared, the smallest pores were formed at 

the lowest freezing temperature, i.e. at the highest freezing rate. While there is no significant 



difference in total porosity among the three different types of chitosan foams. The chitosan 

samples frozen at lower temperature, hence have the smaller pore size, were less able to resist 

the applied compression load during their recovery test. In the adhesion measurement on a 

mimicked wound surface, the lyophilized samples were easier to remove from the mimicked 

wound surface compared with the two commercially available wound dressings, Hemcon® 

and Silverclear®. Antibacterial activity against the Streptomyces microorganism and 

fibroblast cell proliferation were evaluated and also showed good results. And the hemostatic 

properties have been measured and shown to depend on the method of freeze-drying. Further 

work will continue evaluating the wound dressing using animal and clinical trials. 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

© Copyright 2016 Jiantao Huang 

All Rights Reserved 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



An Investigation on the Use of Chitosan for Donor Site Wound Dressings 

 

 

by 

Jiantao Huang 

 

 

 

A thesis submitted to the Graduate Faculty of 

North Carolina State University 

in partial fulfillment of the 

requirements for the degree of 

Master of Science 

 

Textile Chemistry 

 

 

Raleigh, North Carolina 

2016 

 

APPROVED BY: 

 

 

_____________________________                     _____________________________ 

Dr. Martin W. King                                               Dr. Samuel M. Hudson 

Committee Chair 

 

 

 

_____________________________                    _____________________________ 

Dr. Ashley Brown                                                 Dr. Richard Kotek 



 

ii 
 

DEDICATION 

To my beloved family 

To my friends 

To my advisor Dr. Martin W. King 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 
 

BIOGRAPHY 

Jiantao Huang was born on November 18th, 1993 China. He received his bachelor’s degree in 

Functional Materials in June 2015 from Donghua University, Shanghai, P.R. China. He was 

luckily accepted into an exchange program between Donghua University and North Carolina 

State University for further study in 2014. He joined in Dr. King’s biomedical textile research 

group and continued his study in biomedical textile materials. He is expected to receive his 

master degree in December 2016, and plans to look for career in biomaterials after his 

graduation. 

 

 

 

 

 

 

 

 

 

 

 



iv 
 

ACKNOWLEDGMENTS 

 

I would like to give me sincere gratitude to those who have helped me in the research. First, I 

want to give my deepest appreciation to my advisor Dr. Martin W. King for providing me such 

a great opportunity to work in the area of wound care that I am interested in and it is an honor 

to work with him in the past two years. His dedication on research and pursuit for new 

knowledge are always inspiring and motivating me. Thanks to his support and encouragement, 

this project is able to progress successfully.  

I also want to appreciate other members in my advisory committee. Many thanks to Dr. Hudson, 

Dr. Brown, Dr. Kotek and Dr. Salas for sharing their valuable knowledge and expert opinions 

during my study and providing me with materials and access to their laboratories. 

I would also like to give my special thanks to Rahim Jindani, Judy Elson, Ingrid Carolina 

Hoeger, Minchao Zhu for their kind assistance and dedication with my experimental work. My 

appreciation also goes to all the group members in Biomedical Textile research group. It is 

their valuable advice and experience in the area that helped me to complete this project. I am 

especially thankful to Jiyang Chen and Ting He for spending their time to assist me with my 

experimental work. 

Last but not least, I would like to express my deepest appreciation to my family for their 

everlasting love and belief in me, and I really appreciate them for their understanding and 

respect for my decisions. My appreciation also extends to all my friends in Raleigh and in 

China who has given me such extensive support and encouragement. 



v 
 

TABLE OF CONTENTS 

LIST OF TABLES ............................................................................................................... viii 

LIST OF FIGURES ............................................................................................................... ix 

CHAPTER 1 INTRODUCTION ............................................................................................1 

1.1 Background ..........................................................................................................................1 

1.2 Goals and Objectives ...........................................................................................................3 

1.3 Outline of the Thesis ............................................................................................................4 

CHAPTER 2 LITRETURE REVIEW ...................................................................................5 

2.1 Anatomy of Skin ..................................................................................................................5 

2.1.1 The Epidermis .............................................................................................................6 

      2.1.2 The Dermis..................................................................................................................8 

      2.1.3 Subcutaneous Layer ....................................................................................................9 

      2.1.4 Wound Healing Process ..............................................................................................9 

2.2 Donor Site Wound .............................................................................................................11 

2.3 Currently Used Donor Site Wound Dressings ...................................................................18 

      2.3.1 Topical Ointments .....................................................................................................18 

      2.3.2 Meshes and Films .....................................................................................................19 

      2.3.3 Silver Incorporated Dressings ...................................................................................20 

      2.3.4 Composite Dressings ................................................................................................22 

      2.3.5 Other Wound Dressings ............................................................................................23 



vi 
 

      2.3.6 Future Wound Dressings...........................................................................................24 

2.4 Requirements for Donor Site Wound Dressings ................................................................25 

2.5 Chitosan .............................................................................................................................29 

      2.5.1 Structure and Properties of Chitosan ........................................................................29 

      2.5.2 Main Advantages, Disadvantages and Applications of Chitosan Biomaterials ........32 

2.6 The Freeze Drying Process ................................................................................................34 

      2.6.1 Controlled Freezing ..................................................................................................34 

      2.6.2 Drying Process ..........................................................................................................35 

CHAPTER 3 EXPERIMENTAL .........................................................................................37 

3.1 Materials ............................................................................................................................37 

3.2 Experimental Design ..........................................................................................................38 

3.3 Preparation of Chitosan Foam Samples .............................................................................39 

3.4 Morphology and Mechanical Evaluation ...........................................................................40 

      3.4.1 Scanning Electron Microscopy (SEM) .....................................................................40 

      3.4.2 Measurement of Porosity ..........................................................................................41 

      3.4.3 Thickness, Compression Resistance and Recovery ..................................................42 

      3.4.4 Adhesion Measurement ............................................................................................43 

3.5 Biological Performance .....................................................................................................45 

      3.5.1 Cell Proliferation .......................................................................................................45 

      3.5.2 Antibacterial Performance ........................................................................................49 

      3.5.3 Hemostasis ................................................................................................................51 



vii 
 

3.6 Statistics .............................................................................................................................52 

CHAPTER 4 RESULTS AND DISCUSSION .....................................................................53 

4.1 Morphology and Mechanical Evaluation ...........................................................................53 

      4.1.1 Scanning Electron Microscopy (SEM) .....................................................................53 

      4.1.2 Measurement of Total Porosity .................................................................................57 

      4.1.3 Thickness, Compression Resistance and Recovery ..................................................59 

      4.1.4 Adhesion Measurement ............................................................................................62 

4.2 Biological Performance .....................................................................................................63 

      4.2.1 Cell Proliferation .......................................................................................................63 

      4.2.2 Antibacterial Performance ........................................................................................67 

      4.2.3 Thrombin Assay ........................................................................................................70 

CHAPTER 5 CONCLUSIONS AND FUTURE WORK ...................................................74 

5.1 Conclusions ........................................................................................................................74 

5.2 Future Work .......................................................................................................................76 

REFERENCES .......................................................................................................................78 

  



viii 
 

LIST OF TABLES 

Table 2.1 Classification of skin graft based on thickness ........................................................12 

Table 2.2 Comparison between split thickness graft and full thickness skin graft ..................13 

Table 3.1 Degree of stain rating ...............................................................................................50 

Table 4.1 Percentage of thickness recovery of the three lyophilized chitosan foams .............62 

  



ix 
 

LIST OF FIGURES 

Fig 2.1 Anatomical view of the structure of skin .......................................................................6 

Fig 2.2 Wound healing overview .............................................................................................11 

Fig 2.3 Stages of graft healing .................................................................................................13 

Fig 2.4 Preferred thickness of split thickness skin grafts.........................................................14 

Fig 2.5 Preferred anatomical locations to take skin grafts .......................................................15 

Fig 2.6 Inflammatory response mediators ...............................................................................17 

Fig 2.7 Comparison between Safetac® adhesive technology and traditional adhesives .........23 

Fig 2.8 Factors inhibiting healing of donor site wounds .........................................................25 

Fig 2.9 Desirable characteristics of an “ideal” donor site wound dressing .............................28 

Fig 2.10 Chemical structures of chitin and chitosan ................................................................30 

Fig 2.11 Schematic representation of the benefits of chitosan as a wound dressing ...............32 

Fig 2.12 Directional freezing process ......................................................................................35 

Fig 3.1 Commercial products ...................................................................................................37 

Fig 3.2 Freeze dryer used for freeze-drying .............................................................................40 

Fig 3.3 SDL Thickness Gauge with weights ...........................................................................43 

Fig 3.4 Schematic representation of the adhesion measuring device ......................................44 

Fig 3.5 The layout of the specimens in the 24-well plate ........................................................47 

Fig 3.6 Gen5TM (Biotek) micro-plate reader ............................................................................49 

Fig 3.7 Test specimen images taken during antimicrobial testing ...........................................51 

Fig 4.1 SEM images of freeze-dried chitosan foam samples frozen at -20°C .........................53 



x 
 

Fig 4.2 SEM images of freeze-dried chitosan foam samples frozen at -78°C .........................54 

Fig 4.3 SEM images of freeze-dried chitosan foam samples frozen at -196°C .......................55 

Fig 4.4 Effect of freezing temperature on mean pore size of chitosan foams .........................57 

Fig 4.5 Comparison of total porosity for each type of chitosan...............................................58 

Fig 4.6 Changes in thickness of lyophilized chitosan samples under a series of increasing 

compression loads ....................................................................................................................59 

Fig 4.7 Initial thickness and recovery thickness of the three lyophilized chitosan foams .......61 

Fig 4.8 Comparison of adhesive strength among the three lyophilized chitosan samples and 

the Hemcon® and the Silverclear® dressings .........................................................................63 

Fig 4.9 Results of MTT assay at Days 1, 3 and 7 ....................................................................64 

Fig 4.10 SEM images of lyophilized chitosan, Hemcon® and Silverclear® ..........................65 

Fig 4.11 “Zones of Inhibition” of all samples and control group on Day 10 ..........................68 

Fig 4.12 “Zones of Inhibition” of all samples and control group on Day 14 ..........................68 

Fig 4.13 Average zone of inhibition results .............................................................................69 

Fig 4.14 The relationship between thrombin formation over time ..........................................71 

Fig 4.15 Middle curves of the thrombin assay results for the lyophilized chitosan foams and 

the commercially available dressings ......................................................................................72 

Fig 4.16 Thrombin assay results for the lyophilized chitosan foams and the Hemcon® and 

the Silverclear® dressings .......................................................................................................73 

 

 



 

1 
 

CHAPTER 1. INTRODUCTION 

 

1.1 Background: 

Skin is the largest living organ in the human body, which protects the body from various 

environmental factors. The human body’s ability to protect itself against the environment is 

limited when injuries occurs and the skin layer is affected. From a global perspective, burns 

are one of the leading causes of human skin injuries. Burn injuries can cause a partial or 

complete loss of the skin.  To repair such injuries, the most commonly used clinical approach 

is to harvest autologous skin grafts from another anatomical site on the patients’ own body.  

Thus another type of wound called a "donor site wound" is created. At present, the management 

of the donor site wounds has not been standardized. Donor wound sites are usually treated as 

burn wounds even though they have completely different etiologies.  

 

Based on the results of a clinical survey undertaken by our research group, some of the key 

factors which were identified during the survey have helped us finding the required features of 

an ideal dressing for donor site wounds. Pain associated with donor site wounds and bacterial 

colonization were identified as two key challenges in treating donor site wounds. When applied 

to a donor site wound, dressing materials should be able to cover the nerve endings which are 

activated because they are exposed to air.  It is proposed that the dressing material should have 

the capability of controling the feeling of pain. On the other hand, a number of wound dressing 

materials are being developed with improved antimicrobial properties to limit bacterial 

infection (Gao et al., 2008). In most cases the antibacterial treatments involve the use of either 
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silver or other metallic ion such as zinc or copper due to their positive bactericidal activity 

(Aziz, et al., 2012). However, the cytotoxicity of silver or other metallic ions is believed to 

result in incomplete wound healing (Samberg et al.,2010). 

 

Gauze cotton based wound dressings are widely used in the world, but they need to be changed 

every 2-3 days, and gauze based wound dressings can cause pain when they are removed from 

the wound sites because the adhering fibers cause trauma during dressing changes (Jindani, 

2013). And as a result the quality of wound healing will be compromised. The use of 

absorbable materials and dressings containing absorbable fibers is considered one way to 

resolve this problem. Natural chitosan is one of those materials that resorb with time in the 

human body. It is thought that the chitosan structure would help provide better healing at the 

donor site wound due to its good biocompatibility compared to other commercial silver based 

dressings. 

 

Our hypothesis was to develop chitosan prototype scaffolds with a highly porous structure and 

then evaluate their in vitro performance together with commercially available wound dressings. 

And the prototypes need to address the key issues of donor site wounds: 1) continuous pain, 2) 

blood loss and 3) bacterial infection. In this study, chitosan foams were prepared by three 

different freeze drying methods and by lyophilization of the chitosan solutions. Then the 

mechanical properties and biological performance of the different chitosan foams frozen under 

different temperatures were evaluated against existing commercial wound dressing materials. 

The primary objective was to determine if the chitosan samples could serve as an ideal 

prototype wound dressing materials for donor site wounds.  
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1.2 Goals and Objectives: 

The overall goal of this study was to prepare and evaluate three different porous chitosan foams, 

and the six specific objectives for the study are listed below.  

1. To develop prototype chitosan sponge-like wound dressing materials by freeze-drying 

methods under three different controlled freezing methods in freezing processes. And the 

relationship between the average pore size, the total porosity of the chitosan samples and rate 

of freezing would be investigated. 

2. To evaluate the thickness, compression resistance and recovery of the chitosan samples and 

relate the results to their porous structure. 

3. To measure the adhesive strength to detach the chitosan samples from a mimicked wound 

surface, and to compare the ease of removal with commercially available wound dressing 

materials.  

4. To evaluate fibroblast cell attachment and proliferation on the samples so as to determine if 

the materials are biocompatible and encourage cell growth. 

5. To compare the antibacterial performance of freeze-dried chitosan samples to commercially 

available antibacterial wound dressing materials. 

6. To perform a thrombin formation assay to compare the hemostatic properties of the different 

chitosan samples including the commercial wound dressing materials. 
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1.3 Outline of the Thesis: 

This thesis is organized in five chapters as described below.  

Chapter 1 describes the general background and motivation of using freeze-dried chitosan 

foams for donor site wound dressing applications. The goals and specific objectives are listed. 

Chapter 2 reviews the important literature related to donor site wounds, currently used donor 

site wound dressings, requirements for donor site wound dressings, and the use of chitosan as 

a biomaterial. The reasons for preparing sponge-like chitosan foams for donor site wound 

dressing applications are also mentioned. Chapter 3 describes the experimental design, which 

consists of the fabrication methods and the testing approaches used to design and evaluate the 

chitosan foams. Chapter 4 reports the result of the investigation and the evaluation of the 

morphology, mechanical and biological properties of the chitosan foams. Finally, Chapter 5 

revisits the main goals and objectives, and gives a summary and conclusions of the findings, 

as well as listing some of the limitations of this research. Recommendations for future research 

are also mentioned. 
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CHAPTER 2. LITERATURE REVIEW  

 

2.1. Anatomy of Skin: 

Human skin is the largest organ in the body whose primary function is to serve as a protective 

barrier against the environment. Other essential functions of skin include heat regulation, 

sensory detection, fluid homeostasis, immune surveillance, vitamin D synthesis and self-

healing following an injury. Those functions of the skin are carried out by specialized cells and 

structures located in its three main layers (Fig.2.1): the epidermis, the dermis, and the 

subcutaneous layer (hypodermis). Complex functional relationships among these three 

anatomic structures of skin maintain its normal properties. So in order to design and fabricate 

a novel wound dressing, it is necessary to understand the structural components of skin, their 

spatial organization and their functional relationships. 
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Fig.2.1 Anatomical view of the structure of skin (H. F. Ullmann, 2009) 

 

2.1.1. The Epidermis 

Skin provides a protective barrier against toxins, microbes, radiation and abrasion in the 

external environment. The epidermis is the outermost layer of the skin.  It is the layer that 

protects the human body from harmful or toxic substances, and prevents water loss from the 

human body to the external environment. 
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The epidermis is primarily composed of keratinocytes, which form a stratified squamous 

epithelium (Lanza, 2014). A healthy epidermal layer is based on the balance between the 

proliferation and maturation of keratinocytes. There is a basal layer, which separates the 

epidermis from the dermis.  The proliferating cells in the basal layer of the epidermis attach 

the epidermis to the dermis.  They will replenish the terminally differentiated epithelial cells, 

which are lost through sloughing from the skin's surface. Then these basal cells will also stop 

proliferating and differentiate into squamous keratinocytes, and in doing so they move from 

the basal layer to the surface of the epidermis.  

 

The epidermis consists of a living inner cell layer and an outer layer; the stratum corneum. 

Keratin filaments and desmosomes contribute physical strength in the living layers and 

maintain the integrity of the epidermis. The stratum corneum is formed by the most superficial 

keratinocytes in the epidermis.  It is the dead outermost structure that serves as the physical 

barrier to micro-organisms and environmental factors (Fuchs et al., 2007). The nuclei of 

epithelial cells are broken down and lipids are extruded into the intercellular space in the last 

stage of cell differentiation.  Then the barrier with cornified protein envelopes will be formed. 

The cornified envelopes serve as bricks in a wall, and the lipids ensure that the bricks of 

keratinocytes form a confluent protective barrier layer, which prevents moisture transmission 

(Hess et al., 2004). The protein envelopes connect a dense network of intracellular keratin 

filaments that provide further physical integrity and strength to the epidermis. 
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There are also additional cells and structures in the epidermis, which perform specialized 

functions. Langerhans cells reside in the epidermis and serve as immune cells by forming a 

network of dendrites through which they interact with adjacent keratinocytes and nerves. 

Melanin is distributed to keratinocytes by melanocytes.  It protects the epidermis from 

ultraviolet radiation (Lanza, 2014). Sebaceous glands associated with hair follicles secrete an 

oily substance called sebum that lubricates and moisturizes the epidermis and hair. In the case 

of donor site grafts, 95-100% of the epidermal layer will be removed when harvesting partial 

thickness skin grafts, while the complete epidermal layer along with part of dermal layer will 

be removed in the case of full thickness skin grafts (Andreassi et al., 2005). 

 

2.1.2. The Dermis 

The dermis is the layer underneath the epidermis, and is divided into the papillary dermis and 

the reticular dermis. Papillary dermis is composed of loosely distributed connective tissue and 

is able to contour into the grooves and ridges of the epidermis. While the reticular dermis 

contains a denser meshwork of collagen and elastin than the papillary dermis, and provides the 

strength, elasticity and flexibility of the skin. Loss of the reticular dermis results in excessive 

scarring and wound contraction (Lanza, 2014). 

 

The dermis also supports the lymphatic system, vascular system and nerve bundles. Fibroblasts 

are the major cell type in the dermis.  They produce and maintain most of the extracellular 

matrix. The extravasation of leukocytes is controlled by endothelial cells near the blood vessels, 
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which play a role in the skin's immune system. Macrophages and lymphocytes that originate 

in the dermis contribute to a surveillance function. The network of nerves extends throughout 

the dermis, not only to play a sensory role in the skin, but also to secrete neuropeptides which 

influence the immune and inflammatory response of the skin cells (Lanza, 2014). 

 

2.1.3. The Subcutaneous Layer 

The subcutaneous layer consists of connective tissues and fat.  It ensures that the blood vessels, 

nerve endings and other components of the skin remain in contact with the surrounding tissue 

so that the blood supply and regulation of body temperature can be guaranteed according to 

the environment. Heat and mass transfer is regulated by the thickness of the subcutaneous layer, 

which may vary depending on a number of physiological and environmental factors of an 

individual person (Hess et al., 2004). When the hypodermis is removed along with the 

epidermis and dermis, it should be regarded as full thickness graft, which is associated with a 

totally different wound etiology compared to a partial thickness donor site graft. 

 

2.1.4. Wound Healing Process 

There are three phases in the wound healing process: inflammation, proliferation, and 

remodeling (Fig.2.2). First, a clot or thrombus is formed to stop bleeding and maintain 

homeostasis, followed by an immediate tissue response at the injury site involving 

inflammatory cytokines being released to regulate blood flow to the area.  Lymphocytes and 

monocytes, which become macrophages, are recruited to fight any infection and identify and 
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remove any foreign material (Lanza, 2014). Then, angiogenesis, collagen deposition, and 

fibroblast proliferation are stimulated by the inflammatory phase which in turn leads to the 

proliferation phase, (Hess et al., 2004). Myoblasts, which are fibroblasts rich in smooth muscle 

actin, are recruited via the action of factors like transforming growth factor-β (TGF-β) and 

platelet-derived growth factor (PDGF). Granulation tissue, a highly vascularized pink cellular 

connective tissue, is formed by these processes in the proliferation phase, and will be gradually 

replaced by scar tissue through the action of myoblasts and factors like TGF- β in the 

remodeling phase. Keratinocytes are stimulated to migrate to the wound bed and proliferate so 

as to restore epidermal coverage (Lanza, 2014). Previous research found that the healing rate 

of a wound is determined by the duration and severity of the inflammatory response, and the 

extent of scarring is affected by the release of cytokines, which might vary due to the 

differences in location, size, depth, etiology or other factors of the wound. 
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Fig.2.2 Wound healing overview: Showing sequence of events from fluid homeostasis and 

inflammation (Day 0-6). proliferation and epitheliazation (Day 4-14), and maturation and 

remodeling (Day 7-1 year). 

 

 

2.2. Donor Site Wound 

Burn wounds are one of the leading accidental injuries in the world, debridement and split 

thickness skin grafts harvested from the patients themselves are often used in the management 

and treatment of burn wounds. Because most burn patients who experience 20% or greater of 

their total body surface area require surgical treatment involving skin flaps, donor site grafts 

or tissue engineering products (Jindani, 2013), autologous skin grafts are considered the 

preferred options for most patients because no complications associated with an immune 
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response will occur. Skin grafts can be classified as split thickness skin grafts and full thickness 

skin grafts (Leung et al., 2009), and they are usually identified based on the skin thickness that 

is harvested from the donor site. Note that split thickness skin grafts (STSG) and full thickness 

skin grafts (FTSG) are described in Table 2.1 (Andreassi et al. 2005), and also compared in 

Table 2.2. The healing of a skin graft on a burn wound site usually involves a four-stage process 

(Fig.2.3). Such surgical procedures create another type of injury called a donor site wound. 

There are a number of challenges and difficulties faced by the healthcare team when managing 

this type of wound, such as controlling pain and blood loss, reducing the risk of bacterial 

infection and controlling the considerable amounts of exudate which lead to additional pain 

and require daily dressing changes. 

 

Table 2.1. Classification of skin graft based on thickness (Andreassi et al., 2005) 
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Table 2.2. Comparison between split thickness skin graft and full thickness skin graft 

 

 

Fig.2.3 Stages of graft healing (Leung and Fish, 2009) 
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There is no standard procedure for the management of donor site wounds.  The treatment often 

follows the same therapy as burn wounds, even though they have a totally different etiology. 

So more clinical studies are needed to identify the optimum therapy for each of these two types 

of injuries (Ang, 2005). According to the survey undertaken by our research group, most 

healthcare respondents indicated that a “thinner” split thickness skin graft, being less than 

0.3mm in thickness, is the preferred choice as the donor site skin graft (Fig.2.4) (Jindani, 2013). 

 

 

 

 

 

 

Fig.2.4 Preferred thickness of split thickness skin grafts (Jindani, 2013) 

 

The anatomical site for taking an autologous skin graft is an essential decision in skin grafting. 

Not only does the location and extent of the burn injury need to be considered, but also the 

gender, age and skin thickness of the particular patient should be taken into consideration 

(Giacomoni, 2009). From Jindani’s survey, we can conclude that the thigh (99%) and the back 

(41%) are the two preferred locations to harvest skin grafts (Fig.2.5) (Jindani, 2013).  The 
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reason why the thighs are so popular is that fat is usually stored there, and skin thickness on 

the back is slightly thicker compared to other parts of the body. 

 

 

 

 

 

 

 

 

Fig.2.5 Preferred anatomical locations to take skin grafts (Jindani, 2013) 

 

Donor site wounds are usually the most painful part in the treatment of burn injuries, and it is 

reported that the pain in donor site wounds is 6 to 10 times greater than that in burn wounds, 

because the nerve endings in the dermal layer are exposed to air when the epithelial layer is 

removed during split thickness skin harvesting. Patients feel pain due to the activation and 

function of pain mediators, as well as hormones, growth factors and other cytokines which are 

released to promote or slow down wound healing. ATP mediators released from endothelial 

cells and platelets can also result pain, while serotonin and acetylcholine serve as 
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neurotransmitters to reduce the pain intensity to the brain. Serotonin can also help with the 

production of Type IV collagen and regulate some growth factors to accelerate the healing 

process. The release of nitric oxide in the wound area can affect neuro-stimulation and cause 

pain by reacting with surrounding oxygen species and promote an inflammatory response. 

However, the sense of pain may be intensified with vascular contraction, which decreases 

blood flow and limits the supply of nitric oxide. In fact there are a large number of factors 

working simultaneously in the wound healing process (Fig. 2.6) (Widgerow et al., 2012), and 

wound healing will be impaired if some pain mediators are not released in a timely fashion. So 

developing a wound dressing which can promote wound healing and reduce those impair 

healing factors is a challenging task for the healthcare team. 
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Fig.2.6 Inflammatory response mediators, including histamine, CGRP, NGF, cytokines, 

NO, bradykinin, PAF, TNF-a, substance P, serotonin, and PGE2. Arrows indicate direct 

influence to increase release. Pain contributes to the increased release of these 

inflammatory response mediators, which in excess lead to fibrosis, nociceptor 

sensitization, and hyperinflammation (Widgerow et al., 2012). 

 

 

Another situation where pain is generated on donor site wounds is when dressings need to be 

changed. Wounds need to be protected from microbial, air particles, contaminants, humidity 

and other environmental factors, and infection is also another cause of pain. So the removal of 

a dressing from a donor site wound with limited adhesion so it does not cause pain or 
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discomfort, and the use of biodegradable polymers are two methods that may relieve the extent 

of pain when replacing a wound dressing. Suprathel® (US Patent 6706058 B2), in addition to 

the layer which contains poly-DL-lactide, trimethylene and e-caprolactone, a nonwoven 

absorbable layer is included next to the skin so that the dressing can be easily removed from 

the wound. The use of biodegradable polymers might be a better choice for easy removal.  The 

material would not adhere to the wound surface as it slowly degrades. In addition, if this 

material has antibacterial properties, the growth of bacteria will also be inhibited. Pain is based 

on the patients’ own perceptions.  There is no confirmed scientific assessment or measurement 

of pain, although some researchers are using neural signals.  So while there are a number of 

wound dressings that claim that they can reduce pain, the evidence is only anecdotal. 

  

2.3. Currently Used Donor Site Wound Dressings: 

2.3.1.  Topical Ointments: 

Silver sulfadiazine cream has been used on burn wounds since the 1970's.  It keeps the wound 

moist, but has been reported to cause the development of rashes and to slow down 

epithelization (Falabella et al., 2005).  Compared with other commercially available silver 

based dressings or ointments it is considered to be the least effective (Aziz et al., 2012). For 

example, silver sulphadizine can cause contact dermatitis and argyria (a skin disorder) if used 

continuously over extended periods of time (Fisher et al., 2003). Zinc neomycin 

(Bacitracin/polymyxin) used to be considered effective, but Fisher et al. found that it would 

cause delayed contact dermatitis in more recent studies. Sulfamylon® is effective against 
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Gram-positive and Gram-negative microorganisms like E. coli, but pain, rashes, and metabolic 

acidosis have been found as the adverse reactions to Sulfamylon®.  

 

Topical treatments usually focus on covering the wound area and inhibit bacterial growth by 

introducing some antibacterial activity, but most of them are reported to be cytotoxic and will 

cause long-term side effects if they are used continuously. 

 

2.3.2. Meshes and Films: 

Meshes and films have also been commonly used in treating donor site wounds. However, too 

high or too low a moisture vapor transport rate (MVTR) is a common problem for meshes and 

films. Too high a moisture vapor transport rate will make the wound dry quickly and further 

result in trauma along with pain on dressing removal. If the moisture vapor transport rate of 

dressing is too low, then wound exudate will accumulate and increase the risk of infection 

(Wiechula et al., 2003). Opsite®, a type of semi-permeable acrylic adhesive film, has been 

used for protecting the surrounding environment and keeping the wound site dry. Adaptic® is 

a type of acetate dressings, its open structure allows both moisture vapor and wound exudate 

to pass through. 
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2.3.3. Silver Incorporated Dressings: 

The use of silver for medical purposes can be traced back in history. It was first documented 

in 750AD, and was used to treat epilepsy and cholera (Maillard et al., 2012). Then silver was 

reported to be used as eye drops, antisepsis (Russell et al., 1994) and silver foil dressings in 

the 1900s. In the 1920s, the use of ionic silver was approved by the U.S. Food and Drug 

Administration (FDA) as an antibacterial agent. Now, silver has been used in various forms 

and ionic silver nanoparticles may be most effective when they are incorporated into textiles 

or hydrocolloids. The activity of silver is effective when the concentration of ionic silver is 

between 10-9 and 10-6 mol/L, and can be enhanced when combining with other antibacterial 

agents, such as cerium nitrate (Flammacerium), antibiotics (silver sulphadiazine), and 

chlorhexidine (SilvazineTM) (Maillard et al., 2013). Also, the activity of silver depends on its 

bioavailability and the type of target bacteria. It has been found that the lack of penetration of 

ionic silver, rapid neutralization between ionic silver and organic matter, and low water 

solubility of silver when combined with chloride ions could limit its effectiveness in treating 

wounds. On the other hand, the mutation of some bacteria has resulted in the resistance against 

ionic silver and the wound healing process is extended. So a combination of silver with various 

other substrates has been developed to reduce the possibility of resistance. Therabond® wraps, 

which utilize spacer fabric structures, are popular in treating burn wound injuries, but their 

removal from the wound site without trauma has been the most challenging problem. These 

dressings always stick to large exuding wounds, so patients experience extreme pain on 

removal.  The use of saline water can reduce the trauma to some extent. 
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The release of ionic silver is also a key parameter in the efficacy of silver incorporated 

dressings. Aquacel® Ag incorporating Hydro fiber® technology has been widely used in the 

treatment of ulcers, burn wounds, skin graft wounds and other types of injuries (Coutts et al., 

2005). Aquacel® Ag dressing can keep the wound moist and extend the released concentration 

of silver ions so that the bacterial burden can be minimized by entrapped in a gel.  It has been 

found that the silver ions in Aquacel® Ag are released faster in saline and serum than in pure 

water because of the presence of Cl- ions and other substance in blood serum. However, anionic 

chloro=complexes may be formed in saline solution, which will reduce the dressing's 

antibacterial activity (Rigo et al., 2013). 

 

Toxicity is the most important problem for silver because it does not readily form water soluble 

salts. Argyria is a well-known complication of silver ingestion in humans, caused by the 

accumulation of subdermal silver deposits following the ingestion of large amounts of silver.  

The skin color becomes irreversibly gray or blue-black (Russel et al., 1994). As for the 

treatment and prevention of infection of skin graft donor sites or burn wounds, the extensive 

use of silver causes a number of side effects, such as skin coloration, cytotoxicity, electrolyte 

and methaemo-globinaemia, a slower epidermal sloughing time, retardation of healing and 

possible inactivation of some enzymes (Maillard et al., 2013). To mediate the toxicity of ionic 

silver, new dressings that allow the slow but sustained release of silver ions without decreasing 

antibacterial activity need to be developed (Maillard et al., 2012). It is reported that the 

morphology and size of silver nanoparticles does affect the toxicity of silver.  They are most 
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effective when the size is less than 80nm so that they can penetrate the bacterial cell membrane 

(Samberg et al., 2010). 

 

2.3.4. Composite Dressings: 

Given that a number of factors related to the wound healing process need to be taken into 

consideration, current commercially available wound dressings focus on a composite structure 

for better interaction with the surrounding environment. Mepilex® Ag is a type of composite 

dressing that utilizes etched silicon with Safetac® technology (Fig.2.7) as claimed in US Patent 

791079 B2. This type of composite wound dressing can absorb wound exudate and cover the 

nerve endings. The etched silicon sheeting protects the wound from microbial invasion, and 

the Safetac® technology binds the other side of the etched silicon with a nonwoven 

polyurethane foam which is incorporated with activated carbon and ionic silver. The silicon 

sheeting conforms to the shape of the wound site and does not allow any air pockets to form 

between the dressing and the wound.  In this way the exposed nerve endings are covered so 

that the pain can be minimized. On the other hand, the silicon layer is etched to promote 

capillary action. Silver sulphate in Mepilex® Ag inhibits the growth of bacteria like E. coli and 

methicillin resistant staphylococcus aureus (MRSA). Studies have shown that the silver release 

of Mepilex® Ag is more extensive in alkaline conditions than in acidic or neutral conditions, 

which in turn may affect its level of antibacterial activity (Rigo et al., 2013). 
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Fig.2.7 Comparison between Safetac® adhesive technology and traditional adhesives 

 

2.3.5. Other Wound Dressings: 

To treat split thickness donor site wounds, Acell®, Tegardem®, Adaptic®, Xeroflo® have been 

used. It is reported that the use of antibacterial cream (Bacitracin®), hydrogels and 

hydrocolloid or silicon based dressings can reduce the sense of pain when compared to 

cellulose based mesh and gauze dressings, which would adhere to the wound and result in 

trauma (Eskes et al., 2011).  
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Tissue engineering products are also available for donor site wound management. Integra®, a 

matrix of purified bovine collagen mixed with polysiloxane and glycosaminoglycan, has been 

widely used in wound care, and it is also reported for treating full thickness and partial 

thickness donor site wounds (Wainwright et al., 1995). StrataGraft® (US Patent 746244 B2) 

is claimed to use genetically modified human keratinocytes to culture allogenic skin grafts.  

Any negative   immune response is avoided due to the genetic engineering of the cell line. 

Cellular spray is another novel technique to treat wounds. Keratinocytes and stem cells 

harvested from patient biopsies are cultured for 2 to 5 hours, and then sprayed onto the wound 

surface by using a specially designed spray gun (Gerlach et al., 2011). This technique is still in 

the experimental stage, but has been successfully used in the case of some second-degree burn 

patients. 

 

2.3.6. Future Wound Dressings: 

With the development of tissue engineering products, the use of autologous and genetically 

engineered biomaterials that are non-toxic, supports cell proliferation and cellular component 

growth, are becoming more successful. In addition, antimicrobial properties can be 

incorporated by using inherently antimicrobial biomaterials or by incorporating antimicrobial 

agents. But there are still a number of investigations that need to be undertaken in order to 

create a novel antimicrobial biomaterial for wound dressing. The conditions of storage, shelf 

life, and the cost also need to be taken into consideration. 
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2.4. Requirements for Donor Site Wound Dressing: 

In the survey undertaken by our research group, members of the healthcare team were asked 

to list the factors which inhibit the healing process of donor site wounds. Fifty nine percent of 

them choose pain, because it leads to anxiety and is the most important factor responsible for 

delaying or inhibiting the healing process. In addition, desiccation, drainage, initial bleeding, 

adherence of the dressing to the wound and limited movement are also issues that need to be 

addressed when designing a suitable wound dressing (Fig.2.8) (Jindani, 2013). 

 

 

Fig.2.8 Factors inhibiting healing of donor site wounds 
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Current commercial wound dressings like TegadermTM and Opsite® often adhere to donor site 

wounds.  This results in pain and trauma, and in some cases the newly formed skin can be 

removed completely (Wiechula, 2003). EZ-Derm, a wound dressing which is made from a 

porcine xenograft, can reduce the incidence of pain because the xenograft covers the wound's 

surface and it does not adhere to the wound site (Rakel et al., 1998). However, some cases have 

shown that a negative immune response does occur because it is a xenograft. To avoid the 

additional modifications like cross-linking need to be taken. According to a report from the 

Plastic, Aesthetic and Reconstructive Surgery Department in Vienna, Austria, both non-

adhesive and non-traumatic properties are the requirements for an ideal wound dressing for 

both burn wounds and split thickness skin graft donor sites (Selig et al., 2012). Biobrane®, 

which is a cross-linked combination of silicon and porcine or bovine collagen, has been 

developed to meet these two particular requirements. 

 

The skin needs to breath and sweat, and the keratinocytes in the epidermal basal layer maintain 

vapor transmission across skin, while at the same time still serving as a barrier to prevent 

external substances from entering the body (Herndon et al., 2002). The epidermis is attached 

to the dermis through Type IV and VII collagen, and in the event that the junction between the 

epidermis and dermis is torn and separated, epidermal necrolysis and the risk of Steven 

Johnson syndrome can result (Hess et al., 2004), leading to morbidity and possible death. Fluid 

loss occurs once the epidermis is removed.  Much albumin is lost in the case of full thickness 

and thick split thickness grafts, which results in edema and other systemic responses. Woven 

cotton gauze and other dressings can absorb the exudate in wounds, but then they become dry 
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and epithelialization is impaired.  In addition, if they are textile structures they contain large 

amounts of air, and nociceptors and live nerve endings can be activated, which cause the 

sensation of pain. For this reason such simple textiles should not be used as donor site wound 

dressings.  

 

A donor site wound dressing should allow a limited amount of moisture vapor transport. It has 

been found that the use of moist dressings containing hydrogels for treating skin tears and 

chronic wounds, can completely cover the wound and exclude air, and so be able to 

significantly reduce the sense of pain. Calcium alginate and polyvinyl alcohol have been 

blended to develop a novel wound dressing with a high moisture vapor transport rate (MVTR) 

(Tarun et al., 2012).  It was found that as the proportion of calcium increased, less moisture 

was lost because calcium absorbs water.  However, the antibacterial properties were not 

maintained. So the materials for a donor site wound dressing should have an appropriate rate 

of moisture vapor transport as well as antibacterial properties to minimize the incidence of 

infection.  

 

Another major concern is related to bacterial infection under the dressing.  If there is bacterial 

growth and infection in a wound or surrounding area, it will delay the healing process. Various 

antibacterial treatments, such as punch biopsies, CRP (C-reactive protein), ESR (Erythrocyte 

sedimentation rate), serological tests and curettage methods, are used in burn centers to 

guarantee immediate protection to the donor site wound. In order to address this problem, it 
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will be necessary to select a dressing material that can serve as a barrier to microbial organisms 

and be non-cytotoxic to human cells. 

 

In Jindani et al.’s survey, the participants first chose pain relief as the most important property 

when they are asked to prioritize the desirable characteristics of the “ideal” donor site wound 

dressing. Other important characteristics that were identified included: antibacterial 

performance, non-adhesiveness, and prevention of wound desiccation (Fig.2.9) (Jindani, 2013). 

 

Fig.2.9 Desirable characteristics of an “ideal” donor site wound dressing (Jindani, 2013) 
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Based on the previous literature review and clinical trials, a number of requirements that need 

to be taken into consideration for a donor site wound dressing are listed below: 

1. Should not adhere to the wound, but should adhere to the surrounding skin. 

2. Should have an adequate moisture vapor transport rate that is equivalent to or higher than 

skin. 

3. Should keep the wound moist and avoid desiccation. 

4. Should have antimicrobial properties or have some antibacterial agent added. 

5. Should be easy to remove without trauma to the wound. 

 

2.5. Chitosan: 

2.5.1. Structure and Properties of Chitosan: 

Chitosan is a linear, semi-crystalline polysaccharide composed of randomly distributed β-(1-

4)- linked D-glucosamine (deacetylated units) and N- acetyl -D-glucosamine (acetylated units). 

It can be derived from the deacetylation of a natural polymer called chitin (Fig.2.10), a major 

component of crustacean outer skeletons, such as crab and shrimp, as will as being found in 

mushrooms and squid. Deacetylation of chitin is conducted by chemical hydrolysis under 

alkaline conditions or by enzymatic hydrolysis.  
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Fig. 2.10 Chemical structures of chitin and chitosan 

 

The degradation rate of chitosan is related to its degree of deacetylation, the distribution of N-

acetyl-D-glucosamine residues and its molecular weight. Chitosan is a semi-crystalline 

polymer, and the degree of crystallinity is maximized when the amount of deacetylation is 

100%, and as the level of deacetylation decreases, so does the degree of crystallinity. The 

degradation rate is inversely related to the degree of polymer crystallinity. So when level of 

deacetylation decreases, the degradation rate will increase. The distribution of acetyl residues 

also affects the degree of crystallinity, which in turn influences the rate of degradation. Also, 

shorter chitosan chains will degrade faster compared to higher molecular weight chitosan.  

 

The presence of amine groups in chitosan differentiates it from chitin, and gives it a number 

of unique properties. Due to the presence of the amine groups, chitosan can form chemical 

complexes with various species like metal ions, and so it is often used in treating wastewater 
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(Rinaudo, 2006). In fact, chitosan is the only positively charged, naturally occurring 

polysaccharide, so it can be utilized in the preparation of multilayered films via layer-by-layer 

self-assembly techniques (Elahi et al., 2014). 

 

Besides, there are several distinct properties of chitosan that offers the opportunity to use it in 

the development of biomedical applications. The mucoadhesion of chitosan is directly related 

to its degree of deacetylation. As the degree of deacetylation increases, so the number of 

positive charges also increases, which improves the mucoadhesive properties (Leggat et al., 

2004). The role of chitosan to serve as a hemostatic agent is based on the interaction between 

positively charged chitosan and the negatively charged red blood cell membranes (Lih et al., 

2012). There are two mechanisms that have been reported to explain the antimicrobial activity 

of chitosan. One is the interaction between the positively charged chitosan and negatively 

charged groups on the surface membrane of platelets and red blood cells.  This will change the 

permeability of the cell membrane and prevent essential substances from entering or leaving 

the cell. The other mechanism involves the amine groups of chitosan binding to the cell's DNA, 

which inhibits the synthesis of microbial RNA (Sudarshan et al., 1992). Also, the amine groups 

can protonate in the presence of proton ions, which are released in the inflammatory area, and 

result in an analgesic effect (Okamoto et al., 2002). 

 

In wound healing and scar prevention, chitosan can provide a non-protein matrix for 3D tissue 

growth and activate macrophages for tumoricidal activity. It stimulates cell proliferation and 
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histoarchitectural tissue organization. Chitosan can also block the live nerve endings that are 

exposed to air to reduce pain and help with blood clotting as a hemostat (Fig.2.11). Chitosan 

will gradually depolymerize to release N-acetyl-β-D-glucosamine, which can initiate fibroblast 

proliferation, help with ordered collagen deposition and stimulate natural hyaluronic acid 

synthesis at the wound site (Paul et al., 2004). 

 

Fig.2.11 Schematic representation of the benefits of chitosan as a wound dressing (Paul 

et al., 2004) 

 

2.5.2. Main Advantages, Disadvantages and Applications of Chitosan Biomaterials: 

Chitosan hydrogels are composed of a solid phase (less than 10% of the total volume) and a 

liquid phase. The solid phase allows the hydrogel to absorb large amounts of water while it 

remains insoluble in the liquid phase. The main advantages of chitosan hydrogels are that they 

are soft, flexible, non-toxic, and their pore size can be controlled by adjusting the degree of 

chemical cross-linking. But the poor chemical and mechanical stability of hydrogels may result 
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in uncontrolled dissolution and inferior mechanical resistance.  Thus chitosan hydrogels can 

be used for soft tissue replacement and drug delivery applications (Jayakumar et al., 2011). 

 

Sponges are soft and flexible foams with open porosity.  They are usually obtained by a freeze 

drying method. The porous structure enables them to absorb large amounts of fluid and to 

provide good cell interaction. They are good filling materials for bone tissue engineering 

(Jayakumar et al, 2011), and they can be used as wound dressings because they can soak up 

wound exudate. But sometimes these sponges experience shrinkage. 

 

Chitosan thin films are designed as laminates or coatings to modify the surface properties of 

materials or tissue engineering scaffolds and so meet the biological requirements for different 

medical devices. Based on a layer-by-layer deposition technique (Elahi et al., 2014), multilayer 

coatings can be achieved to realize multifunctional materials.  However, many steps will be 

needed so as to construct multilayer structure. 

 

Over the last 20 years electrospinning has become a popular technique to prepare nanofibers. 

Electrospun chitosan-based nanofiber mats or porous membranes provide high porosity and 

good biocompatibility.  So they have been used to mimic human extracellular matrix and can 

be considered suitable as a wound dressing material. But depending on the type of solvent 

system, the purity of electrospun chitosan cannot be guaranteed.  So in previous research, 



34 
 

chitosan has usually been blended with other polymers to facilitate electrospinning (Croisier 

et al., 2013). 

 

2.6. The Freeze Drying Process: 

Freeze drying has been widely utilized to prepare porous materials for tissue engineering and 

other biological applications (Hutmacher, 2000). It is a process in which aqueous solutions are 

frozen in a cold bath below 0 degrees C, and then the frozen solvents are removed in a freeze 

dryer via sublimation.  Porous structures are formed from the void spaces left behind by the 

removal of the solvent. The pore morphology and the pore size distribution depend on a number 

of parameters, such as the nature of the solute and solvent, the concentration of the solution, 

the below zero freezing temperature, as well as the control over the direction of freezing (Zhang 

et al., 2010).  

 

2.6.1. Controlled Freezing: 

During the freezing process, solvent crystals grow and solute molecules are separated from the 

frozen solvent until the solution is completely frozen. The freezing temperature, solvent type, 

solute concentration, and the direction of freezing can affect the pore structure, size and 

distribution in the material (Zhang et al., 2010). When the temperature is extremely low, ice 

nuclei will form rapidly producing only small ice crystals.  A higher freezing temperature will 

result in a slower rate of ice nucleus formation, which will generate larger ice crystals and 

correspondingly larger pores. 
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Directional freezing is a process which utilizes a temperature gradient across the solution with 

ice crystals growing from the low to the high temperature side.  This will cause the ice crystals 

to be oriented in one direction, and unidirectional pores to be generated within the material 

after removal of the oriented ice crystals (Fig.2.12) (Zhang et al., 2005) (Zhang et al., 2007). 

 

Fig.2.12 Directional freezing process. Ice crystals grow in one direction and the solute is 

separated and solidified between crystals. (Zhang et al., 2007) 

 

 

 

2.6.2. Drying Process: 

The drying process is usually carried out in a freeze dryer. This process consists of two stages: 

primary drying and secondary drying. In the primary drying stage, the frozen solvent sublimes 
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as the pressure is reduced below the triple point.  This process depends on the rate of 

sublimation which can be affected by such variables as the vacuum pressure, the temperature 

and the volume of solution. In the secondary stage, a lower vacuum pressure is used to remove 

the unfrozen solvent that may be still bound to the polymer (Tang et al., 2004). 
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CHAPTER 3. EXPERIMENTAL 

3.1 Materials: 

Chitosan flakes (85-90% deacetylated) was obtained from Primex (Portland, USA), and the 

prototype chitosan dressing materials were tested and compared to two commercially available 

wound dressings called Hemcon® (Tricol Biomedical Inc, Portland, Oregon) and Silverclear® 

(Transtex Technlogies Inc, Saint-Hyacinthe, Canada). Hemcon® Patch Pro dressing is made 

of chitosan and is compressed under pressure to generate a rigid structure (Fig 3.1 a, b). The 

second material, SilverClear®, is a is a nylon spandex warp knitted fabric treated with silver 

(Fig 3.1 c, d). 

   

(a)                                                      (b) 
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                                        (c)                                                      (d) 

Fig 3.1 Commercial products: (a) Hemcon® Patch Pro, (b) SEM image of Hemcon® 

(380x), (c) Silverclear®, (d) SEM image of Silverclear (345x).  

 

3.2 Experimental Design: 

First, in order to make chitosan foam, chitosan solutions were prepared by dissolving chitosan 

flakes in 5% acetic acid.  The solutions were frozen at different temperatures, and the 

completely frozen samples were then lyophilized in a freeze dryer so that sponge-like 

structures were formed. After the prototype samples were produced and conditioned, their 

various characteristics and properties were evaluated using a series of different test methods. 

Besides characterizing their morphology and mechanical properties, the biological 

performance was evaluated as well, including an MTT assay for cell proliferation and 

cytotoxicity, antibacterial performance, and thrombin assay. The results for all the tests 

mentioned above were statistically analyzed. Conclusions will be drawn based on comparing 
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the series of chitosan foams made by different freeze-drying methods with the two 

commercially available wound dressings. These will provide constructive recommendations 

for future research. 

 

3.3 Preparation of Chitosan Foam Samples: 

Chitosan solutions with concentration of 2 wt% were prepared by dissolving a sample of 

chitosan flakes in 5% acetic acid. Three types of planar foam structures were formed by 

freezing 25ml of chitosan solution in 9cm diameter polystyrene petri dishes. Directional 

freezing was achieved by immersing the petri dishes with the chitosan solution, in freezing 

baths maintained at different temperatures, namely: -196°C (liquid nitrogen), -78°C (dry ice) 

and -20°C (normal freezer).  This procedure formed oriented pores that were perpendicular to 

the sample plane, because the petri dishes were held with their bottom surfaces in contact with 

either liquid nitrogen or dry ice (Madihally et al., 1999). Then the frozen chitosan solution in 

the petri dishes was lyophilized in the freeze dryer (Zoro#G2847376, Labconco, Kansas City, 

Missouri) in the Department of Forest Biomaterials, NCSU at -52°C for 48 hours until dry (Fig 

3.2). 
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Fig 3.2 Freeze dryer used for freeze-drying in the Department of Forest Biomaterials, 

NCSU. 

 

3.4 Morphology and Mechanical Evaluation: 

3.4.1 Scanning Electron Microscopy (SEM): 

To observe the external and internal microstructure of the chitosan foams, scanning electron 

microscopy (SEM) was utilized to characterize the surface morphology of the samples. All the 

samples were sectioned in different planes to get the optimal view, and then they were attached 

to the sample stubs with conductive tape and sputter-coated with Au/Pd in a Sputter Coater 
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before examination. The SEM images were obtained on a Hitachi S-3200 Scanning Electron 

Microscope under a standard vacuum using an accelerating voltage of 5 kV. The mean pore 

diameter was estimated from the SEM images by measuring at least 30 different pores from 

each sample with the help of the analysis tool Image J.   

 

3.4.2 Measurement of Porosity: 

Porosity is a critical characteristic for many different biomedical products. It is defined as the 

“property of a solid which contains an inherent or induced network of channels and open 

spaces”. Porosity can be measured by the ratio of void volume to the total volume of a porous 

material, and it is usually expressed as a percentage (Guidoin, 1986). A liquid displacement 

method was utilized to measure the porosity of the chitosan samples (Nazarov et al., 2004). 

Each sample was immersed in a graduated cylinder, which contained V1 ml, a known volume 

of ethanol. The cylinder was then placed under a vacuum to make sure no air bubbles were 

emerging from the chitosan sample, and the total volume of the combined sample and ethanol 

was measured as V2. The volume difference (V2 - V1) was the volume of the solid sample 

skeleton.  The residual ethanol volume after removing the sample was recorded as V3. The 

difference in volume (V1 - V3) was the volume of the ethanol that impregnated the sample, 

which corresponded to the void volume of the sample. Thus the total volume of the sample 

was determined as V = (V2 - V1) + (V1 - V3) = V2 - V3. So the porosity of the sample could be 

determined from the equation below: 

P = (V1 - V3) / (V2 - V3) 
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Five specimens were prepared for each type of chitosan sample, and the results were reported 

as the mean +/- the standard deviation. 

 

3.4.3 Thickness, Compression Resistance and Recovery: 

The ability of the chitosan samples to be compressed under external pressure was measured 

using a thickness gauge (Model SDL 94, Shirley Development Ltd, Stockport, England). The 

loss of thickness under a series of increasing applied pressures was determined for each sample 

by applying 20, 50, 100, 200, 300, 500gf/cm2 weights (Fig 3.3). The relaxed or maximum 

thickness of each sample was determined by extrapolating the linear thickness to pressure 

relationship to zero applied weight. Five specimens for each type of chitosan sample were 

measured and the average value represented the mean thickness of the sample.  

 

When the 500g weight was removed, the compression and recovery properties were measured 

within 5 minutes. If the sample recovered within this period of 5 minutes, the compression 

resistance value would be recorded. On the contrary, failure was noted if the recovery was not 

complete and the samples collapsed. Strain was determined in terms of the percentage loss of 

thickness. The relationship between percentage thickness loss and applied force was plotted 

for the different types of samples.  And the compression modulus of each type of sample was 

calculated by measure the slope based on the line segment of the first two points. Five readings 

were taken from five specimens, and the averages were calculated for each type of sample. 
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Fig 3.3 SDL Thickness Gauge with weights 

 

3.4.4 Adhesion Measurement: 

Donor site wound dressing materials should be easy to remove from the wound surface without 

causing pain and discomfort.  In this study, in vitro adhesion measurements were performed to 

test if the specimens could be easily removed from the wound surface. To mimic a wound 

surface, simulated wound fluid, containing 2% bovine serum albumin, 0.02M calcium chloride, 

0.4M sodium chloride, 0.08M tris-methylamine was prepared in deionized water (pH = 7.5) at 
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room temperature (Lindsay et al., 2010). While 6.67% (w/v) gelatin solution was poured into 

25 petri dishes (86mm diameter), and was allowed to solidify. When the gelatin turned to a 

solid gel, it was equilibrated with 0.5ml simulated wound fluid to mimic the wound surfaces.  

Adhesion tests were performed on five specimens for each of the three types of chitosan foams, 

as well as the Hemcon® and Silverclear® commercial samples. An MTS Q-Test/5 Universal 

Testing Machine fitted with a 5kg compression load cell was operated in the College of 

Textiles Physical Testing Laboratory. A mimicked wound surface was created by the simulated 

wound fluid and the solid gelatin, and the specimen was attach to an adhesive probe (75mm 

diameter) via double sided adhesive tape. The probe was set to approach the mimicked wound 

surface with the following pre-set conditions: pre-test speed 0.5 mm/s, test speed 0.5 mm/s, 

post-test speed 1.0 mm/s, applied force 1N, contact time 60 s; trigger force 0.05 N and return 

distance 10.0 mm. The adhesive strength was determined from the maximum force required to 

detach the specimen from the mimicked wound surface as shown in Fig 3.4 (Pawar et al., 2012). 

 

Fig 3.4 Schematic Representation of the Adhesion Measuring Device. 
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3.5 Biological Performance: 

3.5.1 Cell Proliferation: 

Six mm diameter discs were punched from all three types of chitosan samples, and from the 

Hemcon®, and Silverclear® dressings so they fit into 24-well plates. They were then stored in 

a clean desiccator prior to use. Six 24-well plates were prepared, two for each on the following 

three culture periods: Day 1, Day 3, and Day 7. 

 

The NIH 3T3 fibroblast cell line was obtained from liquid nitrogen storage. The passage 

number was 40, and the date the cells were frozen was September 5th, 2015. The concentration 

of cells was 2×106/ml. All procedures were completed in a biosafety cabinet to maintain strict 

aseptic conditions throughout the cell culture experiment. Fibroblast media was pre-warmed 

in a 37°C water bath and the T-75 flask with 15ml culture media was incubated at 37°C in 5% 

CO2 for 15 minutes. After thawing, the T-75 flask was retrieved from the incubator, and the 

NIH 3T3 cells were transferred into it. The media was changed every other day, and when 

confluency had reached 80%, cell seeding was started. 

 

Before cell seeding, the cells needed to be detached from the T-75 flask. Media was aspirated 

from the T-75 flask followed by two 5 ml HBSS washings followed by 3 ml Trypsin - EDTA 

rinses to detach the cells from the bottom.  The whole flask was put inside the incubator at 

37°C for 5 minutes and then it was gently rocked. An optical microscope was utilized to check 

the detachment of the cells. Once the cells were detached, then 5 ml culture media (or TNS) 
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was added to inactivate the Trypsin - EDTA solution, and the whole solution was transferred 

into a sterilized centrifuge tube. Another 3ml of media was used to wash the flask, which was 

then transferred into the same centrifuge tube. The yield and viability of the cells were checked 

by a hemacytometer with Trypan blue. The tube with the cells was centrifuged at 550 G for 5 

minutes and the supernatant was removed. The remaining pellet of cells was recovered and 

was use to resuspend the cells for seeding. 

 

The specimens were seeded with 1.6 × 105 cells per well, and 1 ml media was added into each 

well. The layout of the 24-well plates for each day are shown below in Fig 3.5.  For each type 

of sample, 6 specimens were used, and one "no cell" control was included.  In addition, two 

2D well controls (i.e. empty wells with no specimens) were included in the second 24-well 

plate for each day. The plates were incubated at 37°C and 5% CO2 for 7 days.  
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Fig 3.5 The layout of the specimens in the 24-well plate. 
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Reduction of 3-(4, 5-Dimethylthiazol-2-yl) -2, 5-diphenyltetrazolium bromide (MTT) provides 

a simple and reliable method to evaluate the extent of cell proliferation and the cytotoxicity of 

the test materials. This MTT compound is reduced by active mitochondria in living cells, and 

the pale yellow tetrazolin MTT are converted into purple formazan crystals that could be 

solubilized and quantified. 

 

At each time point (Day 1, Day 3, Day 7), the two designated 24-well plates were taken from 

the incubator. A vial of MTT powder (10 mg, Sciencell 8028a) was dissolved in 2 ml PBS 

(pH=7.4), and an MTT stock solution was prepared. The media in the 24-well plates was 

aspirated, and 500 ml media and 50 µl MTT stock solution were added into each well. Then 

the two 24-well plates were incubated at 37°C for 4 hours. After 4 hours, black crystals were 

formed by the viable living cells, and the 24-well plates were retrieved from the incubator. 300 

µl media was removed from each well, and 250 µl of MTT buffer solution (Sciencell 8028b) 

was then added into each well. To help dissolve the crystals, the 24-well plates were incubated 

at 37°C for 10 minutes and gently mixing on an orbital shaker which assisted with the 

dissolution. A 100 µl solution was then transferred into a new 96-well plate from each well 

after the MTT formazan was dissolved. Ten wells in the 96-well plate were used for each type 

of specimen.  That is to say ten wells were used for the 2D empty well control group (with no 

specimen), and ten wells were used for the negative control group. The absorbance of the 

solution in each well was read at 540 nm in a Gen5TM (Biotek) micro-plate reader (Fig 3.6). 
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Fig 3.6 Gen5TM (Biotek) micro-plate reader 

 

3.5.2 Antibacterial Performance: 

The antibacterial activity was evaluated for all three prototype chitosan samples, as well as the 

other two commercially available products: Hemcon® and Silverclear®, by using the 

"Standard Test Method for Evaluating the Performance of Antimicrobials in or on Polymer 

Solids Against Staining by Streptomycin Species" (ASTM E1428 – 15a). 

 

For each sample of test material, duplicate 0.75inch diameter discs were prepared. ISP Medium 

2 (Yeast Malt Extract Agar) was poured into six petri dishes to provide an 8mm deep solidified 

agar layer. After the agar had solidified, the agar surfaces were moistened by streaking with a 
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cotton swab dipped in sterile water. Three ml of PBS were added to the stock culture plate, and 

the Streptomycin cells were harvested by using the pre-moistened swab. The cell-laden swab 

was streaked on the agar surfaces to ensure total coverage by the micro-organism inoculant. 

Sterile forceps were used to place the same specimens, two to a plate, on the agar surfaces. 

Also, a control group without a specimen was included (Fig 3.7). Good contact between the 

specimens and the inoculated agar surface was established and maintained. The inoculated test 

plates, which contained the specimens, were covered with lids and were incubated at 29±1°C 

for 14 days. 

 

The degree of pink staining on the samples was observed and rated in accordance with Table 

3.1. The degree of staining was determined by the amount of the sample surface stained rather 

than the intensity of the color. A “zone of inhibition” was observed where no microbial activity 

grew on the agar near the specimens. This indicates that the antimicrobial agent was leaching 

from the specimens. 

 

Table 3.1 Degree of Stain Rating 
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Fig 3.7 Test specimen images taken during antimicrobial testing.   

 

 

3.5.3 Hemostasis: 

The hemostatic properties of the three chitosan samples, and the Hemcon® and Silverclear® 

commercial products were evaluated through a thrombin assay in terms of the time required to 

form thrombin for these particular samples. A 96-well plate was pre-treated by using a blocking 

reagent (1:4 25% bovine serum albumin and citrated solution) prior to the thrombin assay, 
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150µl of the blocking solution was added into each well, and the plate were sealed with a sheet 

of Parafilm® and was incubated at 37°C for 24 hours. This pre-treatment isolated the plate and 

prevented contact activation of the coagulation cascade by the plate to ensure an accurate 

measurement of thrombin formation due to the interaction of the plasma only with the samples. 

The next day, the blocking solution was removed, and 0.5 mg of sample was added into each 

well. Then 10 ml plasma was obtained after centrifugation of a donor sample of bovine 

blood/citrate (Quad Five), and 50 μl of fluorogenic substrate Z-Gly-Gly-Arg-AMC (BA Chem) 

was added. Just prior to starting the assay, 550 μl of freshly prepared 2.75 wt% CaCl2 solution 

was added to the plasma, and 100 μl of the plasma solution was added to each well. The plate 

was then run in the Gen5TM (Biotek) micro-plate reader. All samples were run as triplicates 

concurrently to ensure the precision of the assay and to prevent inaccuracies in the 

measurement. The data from the tests were then analyzed to determine the time it would take 

to cause initial thrombin formation (Gajjar et al., 2011). 

 

3.6 Statistics: 

All values were calculated and reported in terms of the mean and standard deviation. All 

statistical comparisons were performed initially by using the ANOVA statistic. Then, if 

differences were identified, comparisons between the test groups and the control were analyzed 

using a standard t-test. A p-value of ≤ 0.05 was assumed to be statistically significant. 
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CHAPTER 4. RESULTS AND DISCUSSION 

 

4.1 Morphology and Mechanical Evaluation: 

4.1.1 Scanning Electron Microscopy (SEM): 

The SEM images of the three types of freeze-dried samples are presented in Fig 4.1, Fig 4.2, 

and Fig 4.3. The surface of the sample which was frozen in liquid nitrogen appeared 

macroscopically smooth but some cracks can be seen due to thermal expansion.  

 

                                                                        

(a)                                                                                            (b) 
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(c) 

Fig 4.1 (a, b, c) SEM images of freeze-dried chitosan foam samples frozen at -20°C 

(400×) 

 

                

(a)                                                                        (b) 
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(c) 

Fig 4.2 (a, b, c) SEM images of freeze-dried chitosan foam samples frozen at -78°C 

(300×) 

 

                          

(a)                                                                               (b) 
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(c) 

Fig 4.3 (a, b, c) SEM images of freeze-dried chitosan foam samples frozen at -196°C 

(400×) 

 

As shown in Fig 4.4, the mean pore size was controlled within the range of 20-160 µm, by 

varying the freezing temperature and hence the freezing rate. A smaller pore size can be 

observed for the sample which was formed at the fastest freezing rate (i.e. the lowest 

temperature). Ice crystal growth, and hence pore size, are the functions of both heat and mass 

transfer rates. The rapid freezing process of liquid nitrogen produced extremely small ice 

crystals, which were immobilized and incorporated into the chitosan network. As for the 

chitosan frozen at -20°C, it had the slowest freezing rate. Ice nucleation occurred both 

externally and inside the chitosan solution, and the subsequent slower ice crystal growth 

continued to create larger pores and a fusing the structure. 
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Fig 4.4 Effect of freezing temperature on mean pore size of chitosan foams. Mean 

diameter values were determined by image analysis of SEM. Error bars = 1 standard 

deviation determined from a minimum of 30 observations. 

 

 

4.1.2 Measurement of Total Porosity: 

The total porosity of chitosan scaffolds frozen at different freezing rates is shown in Fig 4.5. 

The total porosity value for each of the chitosan samples was approximately 80-90%, There 

appeared to be no apparent trend in the observed total porosity with changes in the rate of 

freezing. In other words, there was no significant difference observed between the groups. 
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Fig 4.5 Comparison of total porosity for each type of chitosan foam. 

 

Total porosity is an important parameter for tissue engineering scaffolds. Scaffolds must have 

sufficient porosity for nutrient and gas exchange. It has been previously reported that a porosity 

of more than 80% was required for an ideal scaffold. In this study, all three chitosan scaffolds 

met this criterion. Moreover, it has been suggested that changes in total porosity also affected 

the mechanical properties of the scaffold. The chitosan foams were sufficiently porous, so that 

they can provide a large area of internal surface for cell proliferation and migration and can 

also facilitate the exchange of nutrients and metabolic waste. 
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4.1.3 Thickness, Compression Resistance and Recovery: 

Figures 4 represent the amount of thickness loss when increasing compression loads were 

applied to the lyophilized chitosan foams. As expected, all three samples became thinner when 

an increasingly heavy compression load of up to 500g weight was applied. The average 

primary thickness of each lyophilized chitosan samples was obtained by plotting the thickness 

recorded by the thickness gauge under a series of increasing applied pressures. The intercept 

on the y-axis by extrapolating the equation of the line to x = 0, provided the calculated thickness 

value under zero pressure. (Fig 4.6 a, b and c).  

 

 

(a) Thickness measurements of chitosan sample prepared at -20°C 
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(b) Thickness measurements of chitosan sample prepared at -78°C  

 

 

 

(c) Thickness measurements of chitosan sample prepared at -196°C 

Fig 4.6 Changes in thickness of lyophilized chitosan samples under a series of increasing 

compression loads. 
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From Fig 4.7 and Table 4.1, it can be observed that the chitosan sample frozen at -20°C was 

significantly thicker than the one frozen at -196°C.  This suggests that a larger pore size results 

in a thicker sample. The two chitosan samples frozen at lower temperatures were not only 

thinner, but were also less able to resist the applied compression load. On the other hand, the 

chitosan sample frozen at -20°C has the lowest compliance. Their recovery after removal of 

the load was not as complete compared to the sample frozen at -20°C. It is thought this may 

be due to the different porous structure and wall thickness created at different freezing rates. 

 

Fig 4.7 Initial thickness and recovery thickness of the three lyophilized chitosan foams.  
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Table 4.1 Percentage of thickness recovery and compression modulus of the three 

lyophilized chitosan foams. 

 Chitosan (-20°C) Chitosan (-78°C) Chitosan (-196°C) 

Recovery (Percent) 91.1% 64.3% 68.3% 

Compression 

Compliance (mm/gf) 

 

-0.004 

 

-0.013 

 

-0.007 

 

 

4.1.4 Adhesion Measurements: 

The adhesive strength of the three lyophilized chitosan samples was significantly lower than 

the maximum force (p<0.05) experienced by the two commercially available wound dressings 

during the adhesion test (Fig 4.8). After being in contact with the simulated wound fluid, the 

chitosan foams started absorbing fluid and then formed gel-like matrices, which kept moisture 

on the "wound’s surface" and made it easier to remove compared with the commercial 

Silverclear® and Hemcon® dressings. And with increasing pore size of the lyophilized 

chitosan foams, less adhesive strength was required.  So the lyophilized chitosan foam with a 

larger pore size was easier to removed. 
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Fig 4.8 Comparison of adhesive strength among the three lyophilized chitosan samples 

and the Hemcon® and Silverclear® dressings. (Error bars = 1 x standard deviation) 

 

4.2 Biological Performance: 

4.2.1 Cell Proliferation: 

The use of an MTT assay is a routine method to measure cell viability and the cytotoxicity of 

biomaterials. Sufficient cell viability and proliferation can ensure the biocompatibility of a 

biomaterial. In this study, an MTT assay was conducted on Day 1, Day 3 and Day 7 and Fig 

4.9 shows the extent of fibroblast cell proliferation on the different samples.  An empty well 

without a chitosan or dressing sample was included as a control group.  

 



64 
 

 

Fig 4.9 Results of MTT assay at Days 1, 3 and 7 

 

For all the samples, the result at Day 7 was significantly greater than that for Day 1 (p<0.05). 

The one exception to this finding was for the Silverclear® sample due to the cytotoxicity of 

silver.  This suggests that the three chitosan foams and the Hemcon® dressing stimulated the 

proliferation of fibroblasts and demonstrated good biocompatibility. It is also thought that the 

chitosan might be interacting with growth factors present in the culture medium and promoting 

the stimulatory effect. With this method, the absorbance of the control group was measured in 

the wells without samples, indicated the extent of cell growth on a two dimensional surface. 

Note that the absorbance of all the test samples was lower than that of the controls. This may 
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have been caused by two possible reasons. First, the three dimensional structure had a much 

larger surface area than the two dimensional plate, which likely caused many more cells to be 

left in the well. In other words, all the cells in 2D well plates were detached, while not all the 

cells in the samples were detached so as undertake the MTT assay.  

 

While the proliferation of the fibroblasts can be quantified by the MTT assay, SEM was also 

used as a qualitative method to visualize the cell growth and their morphology. In Fig 4.10 (a, 

b and c), the cells are seen attaching themselves and growing on the surface of the chitosan 

foams. This indicates that the cells can attach and migrate on the chitosan surface. In the 

contrast, there are no living cells on the surface of the Silverclear® sample (Fig 4.10 f and g). 

 

(a)Chitosan sample prepared at -196°C (100×) (b)Chitosan sample prepared at -196°C 

(750×) 
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              (c) SEM image in chitosan sample prepared at -196°C (850×) 

 

 

(d) SEM image of Hemcon® dressing (90×) (e) SEM image of Hemcon® dressing (850×)    



67 
 

 

(f) SEM image of Silverclear® dressing (85×) (g) SEM image of Silverclear® dressing 

(850×) 

Fig 4.10 SEM images of lyophilized chitosan (a) x100, (b) x750, (c) x850; SEM images of 

Hemcon® (d) x90, (e) x850, and Silverclear® (f) x85, (g) x850 dressings. 

 

 

 

4.2.2 Antibacterial Performance: 

By Day 10 and Day 14, all the chitosan samples and the Hemcon® dressing were completely 

degraded. But the “zones of inhibition” could still be observed where no organisms were 

growing on the agar adjacent to the specimen in each petri dish.  No "zones of inhibition" were 

observable for the control group since those dishes contained no antimicrobial specimen (Fig 

4.11 and Fig 4.12). These observations confirm that the antimicrobial agent leached out from 

the specimens and maintained its antibacterial activity. Even if the chitosan was degraded, the 



68 
 

antibacterial activity still remained.  This may have been caused by amine group binding to the 

microbial RNA, which would inhibit the synthesis of RNA.  

 

       

(a)                                                                    (b) 

Fig 4.11 “Zones of Inhibition” of all samples and control group on Day 10. 

 

Fig 4.12 “Zones of Inhibition” of all samples and control group on Day 14. 
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The average "zones of inhibition", which show the extent of antibacterial activity, were 

measured using vernier calipers and are presented in Fig 4.13. All three lyophilized chitosan 

foams showed similar antibacterial activity at Day 10 and at the Day 14, the chitosan foams 

frozen at -196°C became less effective than the ones frozen at -78°C (p<0.05). However, none 

of the prototype lyophilized chitosan foams could compete with the two commercial products, 

Hemcon® and Silverclear® dressings. In summary, it is believed that the incorporation of 

silver is an effective antibacterial agent. 

 

 

Fig 4.13 Average zone of inhibition results (mm). 
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4.2.3 Thrombin Assay: 

Thrombin plays a key role in hemostasis due to its multiple functions. In the initiation phase, 

which is after the exposure of tissue factors to blood, the formation of a small amount of 

thrombin assists in overcoming the inhibitory effect of Tissue Factor Pathway Inhibitor (TFPI) 

by activating platelets and other coagulation factors (such as Factors XI, V and VIII) to 

generate more thrombin.  This is referred to as the amplification phase. The conversion of 

fibrinogen to fibrin, which stabilizes the platelet plug and clot formation, is promoted as more 

thrombin is generated. So the ability to generate thrombin and the enzymatic action of thrombin 

are essential to blood coagulability. Thus, the measurement of thrombin generation is a reliable 

indicator of the rate and extent of coagulation (Hemker et al., 2003).  

 

In this research, a fluorogenic substrate called Z-Gly-Gly-Arg-AMC was used with a calibrated 

automated thrombogram (CAT).  This compound releases the fluorescent amino acid (7-

amino-4-methylcoumarin), which is detected and monitored by 390 nm excitation and 460 nm 

emission filters in a fluorometer, once it has been split by thrombin. Then the level of 

fluorescence is used to determine the amount of thrombin. With the help of a calibration curve, 

the fluorescence can be converted to measuring thrombin activity in nanomoles. The curves 

below (Fig 4.14) reflect the extent of thrombin generation for all five samples. And the middle 

curves of each type samples are shown in Fig 4.15. First, there is a “lag or incubation time” 

which corresponds to the initiation phase.  Then a rapid burst of thrombin generation occurs 

during the amplification phase, followed by slower thrombin generation due to inhibition. 
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(a) Chitosan sample prepared at -20°C          (b) Chitosan sample prepared at -78°C 

      

(c) Chitosan sample prepared at -196°C            (d) Hemcon® dressing sample 
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  (e) Silverclear® dressing sample 

Fig 4.14 The relationship between thrombin formation (nM) over time (min). 

 

 

Fig 4.15 Middle curves of the thrombin assay results for lyophilized chitosan samples 

and the commercially available dressings. 
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For each of the triplicate fluorescence curves shown above, the steepest slope was determined 

and extrapolated back to measure and calculate the average time point corresponding to initial 

thrombin formation. Fig 4.16 shows a comparison of the thrombin time for each of the three 

chitosan samples as well as the Hemcon®, and Silverclear® dressings. The Hemcon® and 

chitosan foam frozen at -20°C have significantly shorter thrombin times than the other samples 

(p<0.05).  In summary, these two samples have been shown to have better thrombogenicity 

due to their shorter thrombin time. 

 

 

Fig 4.16 Thrombin assay results for the lyophilized chitosan foams and the Hemcon® 

and Silverclear® dressings. 
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CHAPTER 5.  CONCLUSIONS AND FUTURE WORK 

 

5.1 Conclusions: 

Samples of chitosan foam were prepared by three different controlled freezing methods and by 

lyophilization of the chitosan solutions as mentioned in Chapter 3. The results of the 

morphology, mechanical and biological tests have been presented, analyzed and discussed in 

Chapter 4. When reviewing the initial goals and objectives of the research the following 

conclusions can now be drawn. 

 

5.1.1 Prototype samples of porous lyophilized chitosan foam were successfully prepared by 

different freeze-drying methods and their pore size and total porosities were measured. It was 

found that the mean pore size could be controlled within the range of 20-160 µm.  The smallest 

pores were formed at the lowest freezing temperature, i.e. at the highest freezing rate. However, 

there is no significant difference in total porosity among these three different types of chitosan 

foams. 

 

5.1.2 It was observed that the wall of the chitosan foam sample frozen at -20°C was 

significantly thicker than the other two chitosan samples. On the other hand, these two samples 

frozen at a lower temperature were less able to resist the applied compression load during their 

recovery testing compared to the thicker sample frozen at -20°C. 
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5.1.3 During the adhesion measurement test on the mimicked wound surface, the lyophilized 

chitosan samples turned into gel-like matrices once attached and absorbing the simulated 

wound fluid. Their adhesive strength was significantly lower compared to the two commercial 

wound dressing materials, which means that the freeze-dried chitosan samples are easier to 

remove from a wound's surface. What’s more, the chitosan foam with a largest pore size was 

the easiest to remove. 

 

5.1.4 From the results of the MTT assay, all the chitosan samples including the Hemcon® 

dressing showed good biocompatibility with good attachment and proliferation of fibroblasts. 

This can be attributed to the high porosity of the chitosan foams and the good biocompatibility 

of chitosan. 

 

5.1.5 The results from the antibacterial activity test demonstrated that the lyophilized chitosan 

samples are able to maintain antibacterial activity over a period of two weeks, even though 

their level of antibacterial activity is not as high as that of the Hemcon® and Silverclear® 

dressings. 

 

5.1.6 The thrombin formation assay showed that there were different rates of thrombin 

formation for the different samples. Hemcon® and the chitosan foam frozen at -20°C were 

observed to be the fastest to initiate thrombin formation.  This could help improve hemostasis 
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for donor site wounds. In addition, as the pore size increased for the freeze-dried chitosan 

samples, the thrombin formation time became significantly shorter. 

After achieving these five objectives above, freeze-dried chitosan foams have demonstrated 

the potential to be used as donor site wound dressing materials due to their ability to meet most 

of the dressing requirements. 

 

5.2 Future work: 

From the above conclusions, it is now feasible to propose the following alternative strategies 

for future research: 

1. Silver is toxic to living cells even though it has excellent antibacterial performance.  More 

biocompatible antibacterial agents should be explored and incorporated with chitosan to 

improve its antibacterial performance without affecting skin cell growth. 

 

2. Permeable silicon materials could be proposed in combination with chitosan foams as a 

covering to ensure that the whole donor site wound and the surrounding area are protected.  In 

this way the nerve endings in the edge of the wound site would not be exposed to air. On the 

other hand, permeable silicon material could also work as a moisture permeable barrier to 

maintain moisture within the wound environment. 
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3. In order to improve the mechanical performance of the chitosan foam dressing materials, 

polymers with better mechanical properties such as acrylic polymers could be used to combine 

with and reinforce the chitosan, or the chitosan itself could be effectively modified, layered 

structure with textile reinforcement could also be taken into consideration.  

  

4. In order to determine the in vivo performance of this type of donor site wound dressing 

material, animal trials need to be planned for future research. The quality and time of wound 

healing on small animal such as the rat and the rabbit can provide useful and reliable animal 

models. In addition, an effective method to evaluate pain should be utilized to determine the 

in vivo performance of the donor site wound dressing materials.  

 

5. Given that the pain associated with donor site wounds can be reduced to some extent by 

changing the structure and material of the wound dressing, some pain reliever could be either 

incorporated into the dressing material or it could be applied directly to the donor site wound 

in future clinical trials. 
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