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Chitosan (P-(l,4)-2-amino-2-deoxy-D-glucose) is a naturally occurring, abundant 

biopolymer exhibiting desirable biomaterial properties of biodegradability, low toxicity 

and good biocompatibility. These properties indicate the suitability of chitosan as a 

surface for mammalian cell growth. The goal of this thesis is to explore the potential for 

using chitosan as a surface for NIH 3T3 fibroblast attachment and growth. '4 standard, 

reproducible film-formation technique, based on other researchers techniques was 

established. The reproducibility of this technique. through characterization of the 

physical and chemical properties of these films, was good. The attachment and growth of 

NIH 3T3 fibroblasts on chitosan films and controls was measured. These films were 

modified by physical and chemical means to optimize the attachment and growth of the 

NIH 3T3 fibroblasts. Physical properties, including film tensile properties, surface 

roughness of films, and chemical properties including the degree of deacetylation 

(measure of number of acetylated amino groups in the chitosan polysaccharide) and 

surface free energy (SFE) estimated by contact angle measurements were performed to 

characterize the chitosan films. 



Chitosan films of 0.5, 1.5 and 3.0% (wlv) support the attachment and proliferation 

of NIH 3T3 fibroblasts at rates lower than polystyrene controls. The film tensile 

properties, surface roughness and surface free energies indicate that the film-formation 

technique gives films with reproducible physical and chemical properties. The 

sterilization of films with ultraviolet aAd infrared lamps (UV-IR) over time changes the 

water-in-air contact angle (WIA) and increases the overall SFE of the films. This is an 

important result because the WIA contact angle has been shown influential to the rate of 

cell attachment, and the SFE has been shown to affect the degree of fibroblast spreading. 

Our results indicate that UV-IR treatment of chitosan films can change the WIA contact 

angle and SFE of the films, and can potentially be used to optimize the attachment and 

spreading of fibroblasts on these films. 

The ability of these chitosan films to support cell attachment and growth indicates 

their potential use as biomedical surfaces. Good attachment and growth results in rapid 

and efficient wound repair. This research may result in the development of 

biodegradable tissue-engineering matrices. This development requires an understanding 

of the basic cell-chitosan surface interactions. 
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Chapter 1 

INTRODUCTION 

1.1. Project Objective 

The goal of this research project is to explore the potential use of chitosan as a 

surface for cell attachment and growth. Ultimately, this research may lead to the 

development of a technology for three dimensional (3-D) implantable chitosan scaffolds 

for use in tissue engineering of damaged tissues and wound repair. This research is an 

initial investigation on the subject of chitosan as a biomaterial for tissue engineering and 

serves as the foundation for future work in this field. To establish the potential of 

chitosan as a surface for cell culture with fibroblasts, this study considers primarily two- 

dimensional (2-D) applications with chitosan films. The goal of this project is to develop 

and characterize chitosan-based films for cell culture applications. Specific project 

objectives include the development of a reproducible chitosan film formation technique 

based on established methods, testing the reproducibility of this technique through 

characterization of the physical and chemical properties of these films, measurement of 

the attachment and growth of NIH 3T3 fibroblasts on chitosan films, and modification of 

these films by physical and chemical means to optimize the attachment and growth of the 

NIH 3T3 fibroblasts. 

1.2. Chitin and Chitosan w 

Chitosan or P-(l,4)-2-amino-2-deoxy-D-glucose, is a hydrophobic biopolymer 

obtained industrially by hydrolyzing the amino acetyl groups of chitin, which is the main 



component of shells of crab, shrimp and krill, by an alkaline treatment lo4. The structure 

of chitosan is shown in Figure 1. 

Figure 1. Chemical structure of chitosan 
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The main driving force in the development of new applications for chitosan lies in the 

fact that the polysaccharide is not only naturally abundant, but is also nontoxic and 

biodegradable Chitosan is also easily processed into films and membranes, 

microparticles and beads, and 3-D scaffolds. 

The primary reason for utilizing chitosan in this study is its desirable properties of 

biocompatibility and biodegradability. Chitosan has been reported to be nontoxic and 

bioresorbable when used in human and animal models 'I6. Chitosans with high degrees 

of deacetylation support the attachment of different cell lines'77, indicating good 

biocompatibility. Since both chitin and chitosan have excellent biocompatibility, these 

materials have become of interest in the field for medical materials in recent years 'OO. 

Chitosan is also of interest because it is readily available. The structural polysaccharide 

chitin is the most abundant polymer found in nature after cellulose 26. Chitosan is easily 



prepared from chitin by N-deacetylation with alkali 14'. From 1970 to 1974, about 

22,740 kilotons of chitinaceous material were globally harvested from sources of 

shellfish, krill, clams, oysters, squid, and fungi, resulting in the potential harvest of 150 

kilotons of chitin per year l S 3 .  Chitosan is commercially available through various 

manufacturers worldwide. ~ e ~ e n d i n ~ l o n  the source and preparation procedure, 

molecular weight may range from 300-kilo Daltons (kDa) to over 1000 kDa Iz9. 

Commercially available preparations have degrees of deacetylation (DDA) ranging fiom 

50 to 98%. A polysaccaride with greater than 50% of the amino groups depicted in 

Figure 1 deacetylated is termed chitosan, and one with less is termed chitin. 

Yet another reason to utilize chitosan for biomedical use is its similarity in 

chemical structure to glycosaminoglycans. Glycosaminoglycans (GAGs) including 

heparin, heparin sulfate (glucosaminoglucuronoiduronans), hyaluronic acid 

(glucosaminoglucuronan) shown in Figure 2, and keratin sulfate (glycosan~inogalactan). 

These GAGs are remarkable derivatives of 2-amino-2-deoxy-D-glucose and are present 

in nearly all parts of the mammalian body. 



Figure 2. Chemical structure of hyaluronic acid 
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Glycosaminoglycans are among the essential building blocks of the n~acromolecular 

framework of connective and other tissues Interestingly, fetal wounds heal without 

fibrosis or scar formation due partly to the presence of hyaluronic acid. The healing 

processes of fetal wounds are mediated in part through the fetal ECM, which is rich in the 

GAG hyaluronic acid. Prolonged presence of hyaluronic acid in the matrix of fetal 

wounds creates an environment that promotes fetal fibroblast movement. Chitosan is 

structurally similar to hyaluronic acid and could exhibit similar effects '". 

The ability of chitosan to promote wound healing may also be attributed to its 

tendency to form polyelectrolyte complexes with the GAG and cellular attachment 

protein heparin, which possesses anticoagulant as well as angiogenic properties 

(promotes tissue vascularization). Heparin enhances mitogenesis (transit through the cell 

cycle) by the induction and stabilization of fibroblast growth factor (FGF). Chitosan 



promotes tissue growth and wound healing by forming a complex with heparin and acting 

to prolong the half-life of growth factors l16. Fibroblast growth factor is especially 

effective in wounds showing impaired healing, for example in diabetic ulcers, venous 

ulcers and pressure sores. Wound healing is supported by basic FGF's (bFGF) potency 

to promote migration and proliferatiob of capillary endothelial cells which are essential 

for the formation of new blood vessels in the damaged area 'I. 

1.3. Tissue Engineering and Biomaterials 

Tissue engineering combines living cells, biochemicals and synthetic or natural 

materials into functional implants for the human body. Tissue engineering encompasses 

many disciplines including chemical engineering, cell biology, chemistry and medicine 

with inputs from genetics and surgery. Many approaches to tissue engineering have 

utilized naturally occurring polymers, including collagen and chitosan 35 221 I61 31.31. 129. 

l6l.Z!l . Chitosan has the potential to accelerate the reformation of connective tissues and 

promote the vascularization of tissues I". Furthermore, the presence of chitosan benefits 

wound healing, bone repairs, vascular graft implantation and cell tissue cultures I j 8 .  

Chitosan also has the desirable properties of being easily processed and developed 

into films and membranes, microparticles and beads, and 3-D scaffolds. It is important 

that materials utilized in tissue engineering be biocompatible with tissues both in vitro 

and in vivo, especially when the resorption of the material is required. The resorption of 

a material is its ability to be incorporated harndessly back into the host during 

degradation. Chitosan satisfies these biocompatibility requirements 'j9 196 45. The field 

of tissue engineering and the use of chitosan as a biomaterial will be discussed in further 

detail in Chapter 2. 



1.4. Cell Culture. Use of NIH 3T3 Fibroblasts 

Fibroblasts are connective tissue cells that play an integral part in the wound 

repair process. This project utilizes a strain of 49ON3T 3T3 fibroblasts obtained Don 

Blair of the National Institute of Health (NIH) and generously donated by Dr. Rebecca 

Van Beneden of the University of Maine. While these cells do not display identical 

behavior to fibroblasts in vivo, they are a standard model system for wound repair 

processes. There are numerous studies that have used fibroblast cells as model systems 

for wound repair. For example, L929 fibroblasts have been used as model systems on 

chitosan membranes 37 177. Zielinski and others studied R208N.8 and R208F fibroblast 

cell lines as standard fibroblast models with chitosan as a cell-immobilizing matrix232. 

It is currently accepted that fibroblasts follow the inflammatory cells into the sites 

of tissue injury and contribute to wound healing through the synthesis of structural 

proteins. The most important of these structural proteins is collagen, which itself plays a 

critical role in the wound repair process and will be discussed in Chapter 2. Fibroblasts 

also facilitate wound contraction and the reorganization of the extracellular matrix 

(ECM) '47. Tissue engineering approaches must support the attachment, speading and 

growth of fibroblasts for successful wound repair applications. Currently, many 

approaches to tissue engineering attempt to incorporate collagen or other growth factors 

to increase or maximize the activity of fibroblasts in the wound repair process. Thus, it is 

important that tissue engineering matrices successfully interact with the fibroblast and 

structural proteins to promote the natural process of wound repair. 

Fibroblasts are also regarded as target cells of cytokines (intercellular mediators 

secreted by inflammatory cells) and growth factors, and recent investigations focused on 



the role of fibroblast-secreted cytokines. Reports show that fibroblasts are capable of 

secreting a broad range of cytokines "'. Full thickness wounds (wounds involving 

damage to both epidermis and dermis) heal by epithelialization, wound contraction and 

scarring. The fibroblast synthesizes and deposits a collagen-rich ECM. Early migration 

of fibroblasts and their proliferation i; the wound area is implicated in ~vound scarring 

through the presence of fibroblast-produced collagen lB9. 

Another reason to consider fibroblasts as a model cell type, is that they are the 

most easily cultivable of mammalian cells. Serial cultivation of disaggregated cells from 

a piece of tissue from almost any location soon leads to predominance of the fibroblasts 

and the emergence of strains of homogeneous appearance 69. There have been numerous 

studies of fibroblast interaction and function with biomaterials, including chitosan, which 

will be further discussed in Chapter 2. For these reasons, this project utilizes the NIH 

3T3 fibroblast as a model system for an important stage of the wound repair process. 



Chapter 2 

BACKGROUND 

2.1. Tissue Engineering and Biomaterials 

2.1.1. Tissue Engineering: Applications and Approaches 

Tissue engineering is a relatively new and rapidly growing field in today's 

society. Tissue engineering combines living cells, biochemicals, and synthetic or natural 

materials into functional implants for the human body. The goal of tissue engineering is 

to replace or restore the function of damaged or lost tissue. Furthermore, tissue 

engineering encompasses many disciplines. This research project focuses on developing 

bioresorbable materials with more favorable tissue interactions during degradation than 

current commercially available materials. Some long-term goals of this project are to 

manipulate the healing environment to control the structure of the regenerated tissue 

around a wound, as well as producing cells and tissues for transplantation into the body 

and stimulating the in vitro construction of transplantable vital tissue. 

Tissue engineering has evolved due to a lack of affordable and effective medical 

therapies for treating various wounds and diseases. The limited surgical materials and 

treatments currently available are very espensi\.e. Thus. one of the goals of tissue 

engineering is to help alleviate the high costs related to current medical procedures. A 

major aspect of tissue engineering is the development of cost-effective biomedical 

devices from biomaterials with applications to surgery and wound repair. Approximately 

100,000 patients in this country die each year because organs are not available, and many 

of those who are saved by transplantation ultimately die because donor organs are 

rejected 44. Additionally, well over 10 million Americans carry at least one major 



implanted medical device, and the medical industry has topped $50 billion in annual 

sales. But despite the trade's large size, most medical device designers have been forced 

to work with a small handful of classic biomaterials such as stainless steel and chromium 

alloys, ceramics, a few composites and industrial plastics 99. These materials often 

trigger unwanted or harmful immune iesponses at the implant site. Thus, a need has 

arisen for biocompatible biomaterials for use in tissue engineering both in vitro and in 

vivo, and for biomedical devices. 

There are many approaches to tissue engineering. The development of artificial 

skin for severely burned patients is among the most advanced tissue-engineering attempts 

to date. Studies have shown the successful application of an artificial chitosan dermis 

applied to rats 40. Human foreskin fibroblasts and keratinocytes were cultured in a 

chitosan-GAG-chondroitin matrix and used as a dermal equivalent. Keratinocytes 

proliferated and differentiated into a multi-layered epithelium 196. Further detail on these 

studies is discussed in Section 2.3.1. These are a few of the encouraging studies with 

chitosan which have influenced the pursuit of the current project. 

Other tissue engineering methods include attempts to control cellular responses to 

biomaterial implants. Cell adhesion, spreading and growth have been stimulated in 

biomaterials through the incorporation of the amino acid sequence arginine-glycine- 

aspartic acid (RGD), which is integral in the attachment of many cell types to surfaces 9'. 

Arginine-glycine-aspartic acid is a domain commonly found in many adhesion proteins 

and binds to numerous integrin receptors. One advantage of incorporating oligopeptides 

like RGD into biomaterials is imparting selectivity to the biomaterial. It may be possible 

to make one material selective to certain cell types, while rejecting the adhesion of others. 



This concept could also be employed in the manipulation of the healing environment 

around an implanted biomaterial to control the structure of regenerated tissue 90. 

Another approach to tissue engineering is the immobilization of active biological 

substances (epidermal growth factor, FGF, bone morphongenetic proteins) in polymer 

matrices (such as collagen) for soh wbund healing or the repair of hard tissues 135 164 

One disadvantage of collagen matrices is their rapid degradation in vivo. Chitosan may 

exhibit slower degradation than collagen in vivo. The biodegradability can be reduced by 

the introduction of cross links between the polypeptide chains. Also, collagen matrices 

are prone to contraction and weight loss when exposed to cell culture conditions. These 

phenomena can be limited by the addition of GAGs or chitosan 35. Fibroblasts cultured in 

collagen gels modified with a GAGs and chitosan displayed higher collagen synthesis 

than those cultured in collagen alone 'j. 

Chitosan films and matrices may be employed as a biomaterial on which growth 

factors or attachment proteins may be immobilized. In addition, several enzymes and 

proteins have been successfully attached to chitosan membranes. One example produced 

chitosan membranes with immobilized urease. These membranes have applications in 

enzymatic reactors such as artificial kidneys for the removal of urea from aqueous 

solutions ' I 3 .  Chitosan membranes can also be prepared with the GAG heparin, \vhich 

plays in important part in cell adhesion as well as binding various growth factors and 

modulating phases of wound repair ' I 4  32. Soft and flexible fleeces of 

methylpyrrolidinone chitosan were freeze dried and combined with basic FGF (bFGF). 

The combination of bFGF and methylpyrrolidinone chitosan may improve impaired 

wound healing by two additional mechanisms. Methylpyrrolidinone chitosan can prevent 



excessive scar formation and bFGF induces faster wound closure. Also, 

methylpyrrolidinone chitosan is biodegradable by lysozyrne, which is found in wound 

fluids, so that the wound dressing can naturally degrade over time and resorb back into 

the body ' I .  

Another tissue engineering apbroach involves the in vitro construction of 

transplantable vital tissue. This approach to tissue engineering is among the long-term 

goals of the present study. Intensive research has been focused on the generation of 

artificial cartilage and bone to treat articular joint diseases or injuries, and to augment 

defects of the neck. The in vitro construction of transplantable tissue has also found 

applications in treatment the nose and ear in plastic surgery. One approach for the 

development of fictional tissue equivalents is the bioreactor cultivation of isolated cells 

on biodegradable polymer scaffolds j6 '08. There are also studies on the development of 

an in vitro bone tissue substitute for the purpose of grafting regenerate deficient bone 

back into the host. One study utilized three different bone substitutes of collagen type I, a 

porous poly (lactide/glycolide)/hydroxyapatite 3-D matrix, and a poly(1actic-co-glycolic 

acid) foam for the development of bone tissue in vitro. All three biomaterials were 

shown to encourage the development of bone tissue in vitro 27,117, 117 97 . However, these 

biomaterials have several disadvantages. One problem is that they degrade at variable 

rates and are very weak in terms of structural characteristics. Furthermore, tissues 

showed difficulty diffusing completely into these scaffolds and elicited a major immune 

response in the host. Also, these materials are limited in the types of matrices that they 

can be formed into. Chitosan may have advantages over these materials as a scaffold for 

the in vitro development of bone. 



Chitosan has been incorporated into 3-D matrices by various methods. 

Chitosan/tricalcium phosphate (TCP) sponges were developed as 3-D tissue engineering 

scaffolds for bone formation with osteoblast culture 12'. Chitosan is biodegradable and 

can improve wound healing and enhance bone formation. Furthermore, chitosan is non- 

toxic and doesn't evoke a serious imiune response I * ' .  Cbitosan can be prepared in 

many forms including films, 3-D scaffolds and fibers, and its degradation may be 

controllable. Future studies should investigate the potential to control the degradation 

rate of 3-D matrices. 

Future challenges of tissue engineering include the development of resorbable 

materials with more favorable tissue interactions during degradation 90, the construction 

of liver organoids for bridging comas and the development of an artificial kidney on the 

basis of cultured cells IJ4. Other challenges lie in the improvement of current research 

and clinical methods for the development of artificial skin grafts, 2-D and 3-D 

biocompatible and biodegradable materials, as well as pioneering the field of repairing all 

sorts of damaged or diseased tissues. 

2.1.2. Biomaterials 

The ability of a material to be resorbed into the body over time is an important 

feature for certain implantable biomaterials. In engineered matrices, degradation and 

resorption of the matrix permits the gradual in-growth and ultimately the complete 

replacement of the regeneration matrix by normal tissue. Additionally, the risk of 

complications that may be associated with the long-term presence of a foreign material 

may be avoided by using resorbable biomaterials. Resorbable materials used in tissue 

engineering include protein and polysaccharide-based biomaterials, biopolymer gels of 



polysaccharides, and amorphous protein polymers. Many substances that are both non- 

resorbable and resorbable are currently used as biomaterials. They include metals 

(titanium), ceramics (alumina), synthetic polymers [polyurethanes, silicones, polyglycolic 

acid (PGA), polylactic acid (PLA), copolymers of lactic and glycolic acids (PLGA), 

polyanhydrides, polyorthoesters, and 'natural polymers (chitosan, glycosaminoglycans, 

collagen) 35. Some tissue engineering applications involve tissue responses that may vary 

with position or by patient. The use of materials that are degraded in response to cellular 

activities can be advantageous to the performance of the biomaterial in these applications. 

For example, biopolymer gels and other synthetic biomaterials degrade in response to 

specific cellular proteases. Specific tissues might be employed to determine the rate of 

degradation and resorption of these materials 90. Regardless of the intended applications, 

candidate materials for implant use must be evaluated carehlly for toxicity, because any 

material degradation may result in the release of potentially harmful components into a 

patient's body 99. 

Many of the synthetic resorbable polymers such as PGA, PLA and e-caproic acid 

have been developed for use in biomedicine, including applications in surgery, drug 

delivery, and tissue engineering. The structures of a PLA and PGA are illustrated in 

Figure 3.  



Figure 3. Chemical structures of PLA and PGA 

PLA: Poly-lactic Acid PGA: Poly-glycolic Acid 

These polyesters have been successfully employed as matrices for cell transplantation 

and tissue generation 90. Synthetic degradable sutures of PGA have been available 

commercially since the 1970's. Poly-lactic acid, PGA and their copolymers have been 

commercialized more than any other degradable polymer because of their long history of 

use as biomaterials. Disadvantages of products made from PLA and PGA include a fast 

degradation rate and loss of mechanical strength in just two to four weeks, which is much 

too rapid for some tissue engineering applications. Also, some inflammation is typically 

associated with degradation of these hydrophobic polymers. Furthermore, many cell 

types do not attach or grow efficiently on PLA or PGA materials, suggesting that these 

substances are not ideal materials for tissue engineering scaffolds 99. Conversely, 

chitosan exhibits good attachment, spreading and growth towards many cell types 161 31, 

3 ' .  Also, chitosan can be modified to increase its stability against degradation by cross- 

linking 232. Thus, chitosan appears to be a more suitable material for tissue engineering 

than PLA or PGA. 



Collagen has been tested and used extensively as a biomaterial. It possesses many 

of the desired traits of a functional biomaterial. Collagen substrates modify the 

morphology, the migration, the adhesion, and, in certain cases, the differentiation of cells. 

Collagen types I, 11, and I11 are also known to be chemotactic (a compound that produces 

positive directed migration of one or Lore kinds of leukocytes, cells that help the body 

fight infections and diseases). This phenomenon, as well as the action of collagen on 

cellular development, illustrates the role and significance of collagen in tissue 

reconstruction. Fibroblasts produce collagen as an extracellular matrix protein. Fibrillar 

collagens provoke the adhesion of platelets and subsequent aggregation leading to 

clotting. Collagen is a biodegradable molecule, broken down in tissue by catabolic 

processes, including degradation by specific collagenases and phagocytosis (uptake of 

collagen by cells). Collagen can be obtained from several sources, including the dermis, 

tendons, bone, blood vessels, pericardium, and placenta. Some insoluble fibrillar 

collagens are useful for the manufacture of mechanically stronger biomaterials 35. 

Although collagen possesses many desirable traits as a biomaterial, it also has some 

disadvantages. Collagen is rapidly degraded in vivo. Some applications require a slow 

degradation of the biomaterial, including the regeneration of periodontal defects and the 

reconstruction of the dermis and epidermis I 6 O  ' O  '96. Also, although cross-linking the 

polypeptide chains can stabilize collagen, cross-linking collagen by glutaraldehyde 

(GTA) promotes an undesired rapid calcification of tissue after implantation due to a lack 

of nutrients. This may be a result of GTA tightly cross-linking the collagen as to inhibit 

nutrient migration within the collagen matrix. Also, there are limitations on the 

preparation capabilities of collagens into films and 3-D scaffolds ". It is unclear whether 



these limitations are from the source of collagen. The presence of chitosan oligomers to a 

wound can stimulate the proper deposition, construction and orientation of collagen 

fibrils that are incorporated into ECM components lS9. Chitosan-collagen-GAG is also 

beneficial for skin substitutes because it provides insolubility and increases the 

production of collagen and regulator; factors by fibroblasts. The addition of chitosan to 

skin substitutes provides better adhesion than collagen alone, and encourages fibroblast 

and keratinocyte proliferation. The dermal substitute does not cause any immune 

response incompatibility and allowed controlled vascularisation and fibroblastic 

colonization '96. Thus, chitosan was considered as a potential biomaterial for fibroblast 

attachment, spreading and growth because of its benefits over collagen, and because it is 

not as thouroughly investigated as collagen. 

2.2. Chitosan 

The following sections summarize many important applications utilizing chitosan as 

a biomaterial. The interactions of chitosan with various cell types as well as chitosan's 

use as a biomaterial in various approaches to tissue engineering is discussed. 

2.2.1. Applications of Chitosan as a Biornaterial 

Studies indicate that chitosan has excellent potential as a structural base material 

for a variety of engineered tissue systems. Chitosan possesses both desirable tissue- 

specific properties and has a broad applicability, which can be tailored to several tissue 

systems '29. Over the past 2 1 years, the biomedical applications of chitosan have been 

widely researched, but its application to tissue engineering has not been extensively 

investigated. Specific applications with chitosan as a biomaterial include its evaluation 



as a wound healing agent 'j2, a substratum for skin replacement 40, a bandage material, 

and as a skin grafting template 196. Chitosan has also been used as a cholesterol lowering 

. agent, a hemostatic agent 'I6, and in the reconstruction of periodontal tissue 16'. Chitosan 

shows promise with applications in substituting or regenerating the blood-tissue 

interfaces, as biomedical membranes kith application to artificial kidneys of both the 

filtration and portable type for improved dialysis, when modified with immobilized 

bioactive molecules, and as drug delivery vehicles ". 

Biodegradable chitosan wound dressings can be formed by complexing chitosan 

with ionic salts and proteins to form hydrogels. A specific example of the use of chitosan 

as a biomaterial suitable for biodegradable wound dressings involves a complex made of 

ammonium keratinate, chitosan acetate, and collagen acetate prepared in the form of 

hydrogel membranes. These membranes strongly adhered to wound tissues by virtue of 

their collagen content and consequent linkage to fibrin. They had a high degree of 

absorbency for fluid or cellular debris resulting from inflammation. The membranes also 

had a high vapor transport rate, which prevented fluid pooling beneath the dressing, and 

yet also low enough to maintain adequate moisture at the wound surface. These 

membranes were highly permeable to oxygen and stopped bacteria. The moist membrane 

was biodegraded by the skin cells, white cells and macrophages. In the latter stages of 

wound healing, the remaining membrane hardened and fell off without leaving any 

scarring 'j2. These results indicate chitosan's non-toxic characteristics. 

Anticoagulant membranes for blood ultra-filtration can be prepared by 

immobilizing important biological GAG molecules like heparin onto chitosan 'O. These 

membranes are effective in wound repair by using heparin to bind growth factors that can 



modulate several phases of wound repair 'I4 .  Antithrombotic agents (preventing blood 

clots within blood vessels) including hirudin, PGE1, antithrombin-111, and heparin were 

immobilized on albumin blended chitosan membranes modified with lipsomes for 

applications in blood purification through improved blood compatibility and permeability 

30 2'8. These membrane formation mhhods also illustrate the versatility of chitosan to 

undergo modification by the addition of biological molecules. 

Chitosan has been utilized as a controlled release agent. Biodegradation of 

chitosan linked to bone morphogenetic protein (BMP) leads to the controlled release of 

BMP. Quantitative measurement of the surrounding tissue showed that bone tissue 

regeneration in a surgical bone defect was improved by using this special chitosan I6O. 

Another study used chitosan gels to model the controlled release of bovine serum 

albumin (BSA) Ip5. Furthermore, controlled-release studies of BSA from chitosan- 

alginate membranes have shown chitosan's potential for the delayed release of a protein 

acid 17'. These studies indicate that chitosan's potential for stimulating wound healing 

can be further enhanced by modifying the polysaccharide with proteins. 

2.2.1.1 Chitosan and Various Cell Types 

Chitosan positively contributes to wound healing through interaction with various 

cell types. Chitosan macromolecules can strengthen and accelerate cell proliferation and 

tissue organization of connective tissue comprising the supportive framework of an 

I58 95 animal organ (stromal tissue) . Chitosan accelerates the growth of tissue in culture 

in vitro and encourages it to grow in a multi-level configuration, rather than in a 

monolayer The extent that chitosan accelerates the wound-healing process has been 

\. 



determined in animal tests by measuring the bursting strength of the newly formed tissue 

of the wounds. The acceleration of healing was confirmed in human clinical tests 6. 

2.2.1.1.1 Chitosan and Anchorage-Dependent Cells 

Nerve cells are influenced by !he presence of chitosan 76. Studies indicate that 

neurons cultured on a chitosan membrane can grow well and that chitosan conduit can 

greatly promote the repair of the peripheral nervous system (PNS). Studies considered 

the attachment, spreading and growth of gliosarcoma cells as a model of affinity of nerve 

cells to chitosan membranes 48 lo', Chitosan coated with polylysine and a chitosan- 

polylysine mixture are even better materials than chitosan itself in nerve cell affinity, and 

are promising materials for nerve repair. Pre-coating materials with ECM molecules, 

especially laminin, can greatly improve their nerve cell affinity 76. 

Chitosan is also viable as a 3-D matrix for cell encapsulation, which might be 

applied to implantable biomaterials. Because of its expanded structure, chitosan is 

suitable as a matrix for anchorage-dependent mammalian cell encapsulation. Chitosan 

supported the differentiation of encapsulated neuronal cells 232. Mammalian cells were 

also successhlly encapsulated in chitosan-alginate bi-polymer membranes. The 

concentration of the monoclonal antibody in the capsule was 20 times higher than that of 

the free cell culture '07. Viable hybridoma (hsed tumor and lymphocyte) cells were 

entrapped in chitosan-carboxymethylchitosan (CMC) capsules. These cells exhibited 

healthy morphology, and displayed a tenfold increase in cell density and a threefold 

higher product concentration in comparison to a suspended culture. For large-scale 

applications, however, the complexity of the encapsulation process and scale-up 

problems are still large hurdles to overcome 230. 



2.2.1.1.2 Chitosan, Immune Cells, and Blood-Related Tissues 

Chitosan exhibits a positive effect on wound healing through its interaction with 

macrophages and leukocytes. Moreover, chitosan enhances the immune response, which 

is desirable for the application of drug carriers to tumor-bearing hosts, whose immunities 
I 

are depressed Is'. Chitosan exhibits promise for helping cells to participate in 

immunological defense against tumor cells and pathogens. Chitosan can accelerate 

wound healing through its interaction with leukocytes. Studies indicate that chitin and 

chitosan stimulate the migration of leukocytes and accelerate the reformation of 

connective tissue as well as formation and differentiation of blood vessels 143, 158 

Chitosan can be injected into tissue to close abnormal passages connecting arteries and 

veins and to stimulate necrosis in tumors by blocking circulation 153. One study's 

findings support the notion that proliferation and differentiation of blood vessels is 

accelerated indirectly when chitosan is used in vivo. Chitosan stimulated the production 

of interleukin-8 (IL-8) from L929 fibroblasts, which activates and attracts phagocytes. 

This interleukin release stimulates the migration of white blood cells 14'. Furthermore, 

benefits of chitosan to wound repair are evident through vascular graft implantation and 

cell tissue cultures. Chitosan improves healing of surgical wounds by speeding up the 

process and supporting smoother scar formation Is'. These effects are the result of 

chitosan's ability to enhance tissue vascularization and supply chito-oligomers to the 

wound to stimulate the proper deposition, construction and orientation of collagen fibrils 

that are incorporated into ECM components '59. 

Chitosan's positive effect on wound healing is also displayed through its 

interaction with macrophages. The activation of normal macrophages for the destruction 



of tumor cells occurs when they interact with activating agents, such as microorganisms, 

and with substances secreted by T cells in response to antigen stimulation. Upon 

activation, these macrophages can lyse tumor cells either by direct contact or through the 

release of diffusible cytotoxic molecules. Nitric oxide, interleukin-1, tumor necrosis 

factor-a and reactive oxygen intermediates are among the major cytotoxic molecules 

produced by activated macrophages for the lysis of tumor cells '69. Chitosan shows a 

biological aptitude for activating macrophages to destroy tumor cells and to produce 

interleukin-1 16'. IL-1 is a compound that regulates cell-mediated immune responses and 

other biological h c t i o n s  95. Studies indicate that chitosan-activated macrophages, 

which destroy tumor cells, are probably related to nitric oxide (NO) production. Chitosan 

stimulates the activation of macrophages, which is attributed mainly to the N- 

acetylglucosamine (NAGA) unit of the chitosan molecule rather than the glucosamine 

residue ' 69 .  

Chitin and chitosan enhance the function of cells participating in immunological 

defense against tumor cell and pathogens. Chitin and chitosan were reported to be 

selectively collected into the tumor cells and to inhibit the growth of tumor cells 3 1 .  One 

study showed chitosan to selectively aggregate leukemia tumor cells in vitro, resulting in 

a dense cell aggregate that inhibits cell growth 20'. Further evidence of chitin and 

chitosan's enhancement of the function of animal cells participating in immunological 

defense against tumor cells and pathogens has been obtained from measurements of 

enhanced enzymatic activity of lysozyme in the mouse macrophage in vivo. Both chitin 

and chitosan were effective in the survival of 80% of mice challenged with a bacterium. 



Also, a significant increase in survival ratio of mice with Ehrlich or sarcoma 180 ascties 

tumor cells implanted in the abdomen was observed as a result of chitosan 47. 

Although chitosan by itself is hemostatic (stops bleeding), some derivatives, such 

as sulfated chitosan, are blood anticoagulants. Chitosan tends to coagulate blood lacking 

fibrin, containing heparin, as well as durified red blood cells. The sulfation of LV- 

carboxymethychitosan (N-CMC) results in a linear GAG with numerous functional 

groups similar to those in heparin. Results of studies with N-CMC as a blood 

anticoagulant were confirmed by the inhibition of thrombin by binding to antithrombin 

and through inhibition of the conversion of prothrombin to thrombin. Another benefit of 

N-CMC was the absence of adverse effects on white or red blood cells 'j3. Chitosan 

bandages and sponges have been prepared for surgical treatment and wound protection 

that exploit its hemostatic effects I05 148 . Medical products were prepared by 

immobilizing partially sulfated chitosan oligomers on the surface of molded chitosan 

materials, such as artificial blood vessels and fibers. These materials inhibited the 

formation of blood clots within blood vessels 2 ' 5 .  

2.2.1.1.3 Chitosan and Bone Tissues 

Chitosan has been shotvn effective in the regeneration of bone tissue. Chitosan 

offers an alternative for the reconstruction of the periodontium (tooth supportive 

structures) by providing a less complicated, more tolerable treatment. A chitosan 

ascorbate gel was compatible with the periodontium and can rebuild its connective tissue 

with a normal hnctionality as demonstrated in clinical studies I6l .  Methypyrrolidinone 

chitosan promoted bone regeneration in surgical wounds from wisdom tooth and tooth- 

root removal "! Chitosan also stimulates the differentiation of bone-producing cells and 



thereby facilitates the formation of bone. It has been found that the number of bone- 

110 forming colonies is almost doubled in the presence of chitosan . 

Chitosan can be fabricated into a practical scaffolding material that could function 

as an effective template in the repair of bone and cartilage defects. Chitosan supports 

viable and functioning human osteobiasts and chondrocjres. Studies showed chitosan- 

coated-coverslips supported viable human osteoblasts and non-fibrillated, articular 

chonrocytes that maintained a spherical morphology similar to that displayed by 

osteoblasts in vivo. Furthermore, these cells grew in higher densities than those on 

uncoated coverslips "6 .  Also, modified chitosans can activate compounds responsible for 

the formation of bone-like tissue and promote mineralization. These modified chitosans 

include methylpyrrolidinone chitosan and a chitosan containing imidazolyl groups 

covalently linked to the glucosamine nitrogen via a methylene (IMIC). IMIC induced 

bone formation that filled osseous cavities which normal healing processes were unable 

to heal in vivo. IMIC appears to be much more effective in bone healing than chitosan 

itself or methylpyrrolidinone chitosan when used in an animal models and human models 

IS6 

Chitosan-tricalcium phosphate (TCP) sponges are feasible as scaffolding 

materials for tissue-engineered bone formation in vitro and show promise as 

biodegradable matrices for growing osteoblasts in a three-dimensional structure for 

transplantation into a site for bone regeneration in vivo. ChitosanITCP sponges supported 

the proliferation and differentiation of osteoblasts. This was confirmed through 

measurement of alkaline phosphatase (an enzymatic marker of osteoblasts) activity and 

through deposition of calcium in the cell-sponge construct " I .  Chitosan and TCP have 



been combined to create a 3-D matrix to deliver platelet-derived growth factor (PDGF) to 

the site of small skull defects in rats. Histological findings indicate that the chitosan/TCP 

sponge alone had an affinity for osteoblasts and that the addition of PDGF W e r  

enhanced bone regeneration. In vitro examination of the PDGF-loaded sponge revealed 

that it consistently delivered a dose O ~ P D G F  for up to 21 days '22. The ability of 

chitosan to deliver growth factors may be applied to the methods of chitosan film 

formation in this study and exploited to induce desirable effects on wound healing. 

These properties make chitosan an attractive candidate for future use in bone and 

cartilage tissue engineering. These studies further exemplify chitosan's versatility in the 

formation of gels, sponges and 3-D matrices for tissue engineering applications. 

2.2.1.2 Other Important Applications 

In conjuction with its wound healing capabilities and versatility with various 

tissues, chitosan can also be utilized with other related applications. Chitosan can be 

used to fabricate porous matrices ~vith some degree of control of the pore size and 

morphology. These matrices may be used as scaffolds to build up tissues for space filling 

implants. Additionally, planar scaffolds may have applications in 2-D tissues such as 

skin or articular cartilage 'I9. Chitosan has been successfully employed as a material for 

soft contact lenses, for the development of artificial skin, as a skin graft template, and for 

use with biopharmaceuticicals. 

Several techniques for preparing contact lenses have been reported resulting in 

chitin n-butyrate lenses, chitosan lenses, and blue chitosan lenses. Chitosan is optically 

clear, wettable, gas permeable and non-toxic, which are all integral characteristics of soft 

contact lenses. Gas permeability is an important characteristic for soft contact lenses 



because oxygen must be able to difhse from the tear fluid to the eye surface, and carbon 

dioxide must be able to diffuse from the eye surface into the tear fluid '. 
Chitosan has also been extensively studied for use with biophannaceuticals. 

Proteins such as BSA have been combined with degradable chitosan matrices. One study 

adsorbed BSA onto chitosan microspheres cross-linked kvith glutaraldehyde (GTA). This 

study demonstrated that a biological molecule which is very sensitive to organic solvents, 

pH, and temperature could be successhlly combined with chitosan matrices while still 

preserving it's biological integrity loo. Chitosan-alginate microcapsules with blue dextran 

as an affinity ligand for BSA showed great potential for the recovery of BSA from both 

saline medium and whole bovine plasma. These modified chitosans illustrate chitosan's 

65 potential affinity for proteins as well as its applications of protein recovery. . Amino 

acids of methionine and lysine have been used with chitosan coating fornlulations. These 

coatings are pH sensitive and both in vitro and in vivo studies suggest that these coatings 

are a possible route for rumen-protected amino acids 

2.2.1.3 Chitosan and Fibroblasts 

One very important tissue engineering approach was developing skin substitutes 

with chitosan-based materials. The success of these applications lies in part due to 

chitosan's favorable interactions with iibroblasts and bioactive molecules intimately 

related to fibroblasts and wound healing. The following section continues to describe 

various research studies conducted with chitosan and fibroblasts and the importance of 

these studies to the current study. 

In vitro studies have confirmed chitosan's positive effects on wound healing are 

partially a result of the activation of fibrogenic mediators such as growth factors and 



cytokines 1677219 la 220. These growth factors and cytokines enhance fibroblast activity 

and promote fibrous tissue synthesis, which are crucial to proper wound repair "'. 

Chitosan's promotion of wound healing is also partially due to its ability to form poly- 

electrolyte complexes with heparin, which possesses anticoagulant as well as angiogenic 

I 

(promoting vascularization) properties IS. Heparin enhances cell mitosis by inducing 

and stabilizing fibroblast growth factor (FGF) 62 217 67. Chitosan promotes tissue 

growth and wound healing by forming a complex with heparin and prolonging the half- 

life of growth factors "'. This property of chitosan can be investigated and perhaps 

exploited with the materials developed from this project. 

Chitosan was successfully utilized for the regeneration of skin tissue. Chitosan 

was inserted into a cut on the back of rats. A normal inflammatory reaction was observed 

after 2 days, folloned by cell colonization after 7 days. A dermal equivalent bvith an 

average pore size of 100 pm provided an excellent environment for fibroblast growh and 

proliferation in vitro. This substrate was a mixture of bovine collagen types I and 111, 

85% weight per volume (w/v) chitosan extracted from shrimp shell, and GAGs of 

chondroitin-4 and chondroitin-6 sulfate, with a final composition of 72% (wlv) collagen, 

20% (wlv) chitosan and 8% (w/v) GAGs. This study indicates that a minimum pore size 

is required as not to inhibit fibroblast migration, grom-th and metabolic activity, as well as 

the diffusion of nutrients in and out of the matrix4'. 

Chitosan-collagen-GAG is beneficial for skin substitutes because it provides 

insolubility and increases the production of collagen and regulatory factors by fibroblasts. 

The addition of chitosan to skin substitutes provides better adhesion than collagen alone, 

and encourages fibroblast and keratinocyte proliferation. The dermal substitute does not 



cause an immune response and allowed controlled vascularisation and fibroblast 

colonization. The final result of these skin substitutes was an organized matrix with little 

formation of granulation and excessive scar tissue. Fibroblasts play an important part in 

dermal-epidem~al interactions 196. A dermal substrate of collagen-GAG-chitosan 

colonized with fibroblasts for deep bukn coverage, after 15 days, allowed fom~ation of a 

continuous, adherent and differentiated epidermis with reconstruction of the dermal- 

epidermal junction. These observations were also found in vivo, where the dermal 

substrate is correctly colonized by fibroblasts within 15 days 4'. 

Foreskin fibroblasts were cultured in the matrix followed by a seeding of the 

surface of the lattice with normal human keratinocytes (NHK), which prevented 

penetration of the fibroblasts into this dermal equivalent. Keratinocytes proliferated and 

differentiated to form multilayered epithelium when seeded on the laminated surface of 

the dermal equivalent populated with fibroblasts. This observation was further confirmed 

by measuring markers of epidermal differentiation, which were expressed and distributed 

similar to expression in vivo. Fibroblasts induced involucrin (a marker for epidermal 

differentiation) expression in specific layers, whereas involucrin expression was observed 

throughout the multilayered, un-differentiated epidermal cell layers in the absence of 

fibroblasts. Filaggrin (another epidermal differentiation marker) expression appeared to 

depend completely on the presence of fibroblasts in the dermal equivalent. Fibroblasts 

showed no effect on the expression of protein in the dermal-epidermal junction including 

collagen VI, fibronectin, bullous pemphigoid antigen, laminin and collagen VII. The 

fibroblasts did, however increase the presence of hemidesmosomes along the dermal- 



epidermal junction with basal lamina forming underneath. The fibroblasts also initiated a 

I96 tight adherence between the dermal equivalent and the reconstructed epidermis. . 

Clinical studies with a collagen-GAG-chitosan dermal substrate grafted onto 

burned tissues showed promising results. There was no observable rejection of this 

dermal substrate in rats or human subjects. This chitosan-containing substrate stimulated 

controlled vascularization and fibroblast colonization of burned tissue. Results from both 

in vitro and in vivo studies indicated the formation of a continuous, differentiated 

epidermis that adhered to the excised wound area after 15 days. Forty percent of the 

dermal substrate with cultured epidermis did not take to the subject, most likely from 

infection. These substrates did not achieve the 100% take-rate of a large-meshed 

autograft 23, which were free from infection ''. These studies are among the most 

advanced applications utilizing chitosan as a structural base for wound and tissue repair. 

Chitosan's affinity for fibroblasts was illustrated through the interaction of 

chitosan-poly vinyl alcohol (PVA) hydrogels and L-929 fibroblasts 37. Chitosan-PVA 

blended hydrogels enhanced cell attachment and growth of L-929 fibroblasts in vitro. A 

4-wt % chitosan-PVA hydrogel had a better quality of fibroblast attachment and growth 

than a collagen-coated film. Chitosan-PVA blended membranes exhibited better results 

for the culture of human fibroblasts than Lvere exhibited by pure PVA membranes. After 

attachment, the fibroblasts on the chitosan-PVA membrane displayed considerable 

spreading, with cytoplasmic webbing attaching to the surface and long-filamentous 

pseudopods extending from the cell, whereas this same effect was not evident on the pure 

PVA membrane. These results indicate that chitosan-PVA blended membranes can 

promote fibroblast attachment and growth and may mediate cellular response. These 



hydrogels may be investigated as starting materials for the development of 3-D matrices 

by freeze drying for further experimentation with fibroblasts. 

In contrast to chitosan-PVA hydrogels, chitosan polyvinyl pyrrolidone (PVP) 

hydrogels have exhibited differential growth supportive properties for epithelial and 

I 
fibroblast cells in vitt'o. These hydrogels inhibited fibroblast growth and proliferation by 

preventing their attachment on the surface, while supporting attachment and growth of 

epithelial (SiHa) cells in a number and quality similar to that shown with tissue-culture- 

grade polystyrene (TCPS). The properties of chitosan-PVP hydrogel imitate fetal wound 

healing as it selectively inhibits fibroblast growth and promotes epithelial cell growth that 

adult wounds lack. Thus, this hydrogel might be used in wound repair to limit excessive 

scar formation in wounds. This study, in conjuction with the previously mentioned 

studies, illustrates that through the incorporation of chemical additives, the attractive 

properties of chitosan gels for fibroblasts can be suppressed or enhanced depending on 

the chemical additive used I g 9 .  

Another study considered the effect of the degree of deacetylation (DDA) on the 

attachment and growth of L929 fibroblasts. L929 fibroblast cells and baby hamster 

kidney cells (BHK2 l(C 13)) were shown to attach and grow on highly deacetylated 

chitosan-coated petri dishes. It was sho~vn that as little as 10% difference in DDA of 

chitosan samples has a significant influence on the adhesion of cells to these substrates in 

culture, with highly DDA samples supporting the greatest fibroblast attachment and 

growth. Petri dishes coated with chitosan with a DDA of approximately 80% or less did 

not support significant cell attachment. Thus, the DDA is very important to the 

biocompatibility of chitosan '77. 



One study illustrated the importance of the cross linking density of chitosan 

matrices for supporting fibroblast growth. This study used a precipitated chitosan as a 

matrix on the inside of a 60:40 acrylonitrile-vinylchloride (PANRVC) copolymer 

macrocapsule as a cell-immobilizing matrix that supported the spreading and growth of 

fibroblasts. Three cell lines (R20~~.8'fibroblasts,  R208F fibroblasts - the parent cell line, 

and PC12 - a phaeochromocytoma-derived cell line) were encapsulated in both micro 

and macrocapsules. The cells microencapsulated in chitosan were cross-linked with 

sodium chloride and TPP, and displayed evidence of necrosis. The microcapsules had a 

tightly cross-linked structure that may have mechanically inhibited cell attachment and 

spreading which are essential fibroblast functions. The viability of fibroblasts was 

significantly improved in macrocapsules containing precipitated chitosan. The 

microcapsules \\;ere washed with saline to precipitate the chitosan instead of cross-linking 

with TPP. These chitosan matrices supported both PC12 and fibroblast growth. Cells 

were evenly dispersed throughout the chitosan matrix. The chitosan prevented extensive 

fibroblast clumping and death. The PC12 cells appeared to attach successfully to the 

precipitated chitosan and responded to exposure to nerve growth factor (NGF) by 

extending neuritis. The precipitated chitosan inside the macrocapsule also enhanced the 

survival of PC12 cells and prevented extensive clumping. Cells were analyzed nith 

epifluorescent microscopy by labeling cells with fluorescent molecules 232. Thus, care 

must be taken when fabricating porous 3-D scaffolds for use with fibroblasts to improve 

on wound repair to ensure that the scaffolds allow for cell and nutrient migration 

throughout the matrix. Also, fibroblasts have been successfully encapsulated in chitosan. 

Chitosan-encapsulated fibroblasts did not display extensive cell clumping and death like 



that displayed by other encapsulation materials such as alginate. Encapsulated cells 

implanted into the basal ganglia of monkeys were still viable up to 4 weeks post- 

151 implantation . 

2.2.2 Film, Membrane and 3-D Matrix Formation Techniques for Chitosan 
I 

Chitosan can easily be prepared in many forms, including films and 3-D scaffolds. 

Rigby outlined the basic technique for the casting of films and fibers 18' 188.  TWO patents 

were granted to Rigby simultaneously in 1936, and the second of these describes the 

following procedure for making films and fibers. The chitosan was dissolved in a weak 

organic acid, which formed a suitably viscous solution in which the chitosan was in the 

fonn of a complex salt. This solution was then cast onto a smooth surface, followed by 

removal of the anion for the chitosan to exhibit a resistance to water. Two procedures for 

anion removal tvere given. In the first, the film was heated to remove the volatile acid 

component, and in the second, the film was first dried at a lower temperature and then 

immersed in a weak caustic solution and subsequently rinsed with water. The resultant 

films were described as flexible, tough, transparent and clear with a tensile strength of 

about 9000 pounds per square inch (psi). These procedures are the simplest and perhaps 

easiest methods to produce chitosan films. 

The crystallinity of the chitosan film depends on the preparation procedure for the film 

and on the molecular weight of the chitosan, when using acetic, formic and hydrochloric 

acids as solvents 166. The mechanical properties such as elasticity and relaxation response 

of chitosan films based on solvent and chitosan concentration were investigated in 

another study. Chitosan films were formed by a method similar to the Rigby technique, 

using acetic and propionic acids as solvents. Findings indicated that the wet-tested 



apparent Young's modulus increases linearly with chitosan concentration. The relaxation 

time increased with increasing chitosan concentration, and was greater for acetic acid- 

cast films than for propionic acid-cast films Io6. Conversely, Mima and coworkers142 

characterized both the wet and dry tensile properties of chitosan films. They found an 

increase in wet tensile strength with iAcreasing 1%'-acetylation and no correlation in d r j  

tensile strength and N-acetylation. The present investigation considers the Young's 

modulus of elasticity as an important physical parameter of the chitosan films as well as 

an indication of the reproducibility of the film-formation technique. 

Chitosan and PVA membranes can be prepared by a technique similar to Rigby's 

method. Chitosan-PVA membranes were prepared by first dissolving a chitosan powder 

in an aqueous solution of acetic acid (chitosan:acetic acid = 5:4 by weight). Poly vinyl 

alcohol powder was added to the chitosan solution to prepare an aqueous solution of 10- 

wt % total polymer concentration. The clear solution obtained ivas cast on a glass plate. 

dried in air at room temperature and subsequently dried under vacuum. The membrane 

was then immersed in NaOH for to neutralize the acetic acid contained in the membrane. 

Finally, the membrane was washed thoroughly with deionized water. These hydrogels 

enhanced the attachment and growth of L-929 fibroblasts over that of PVA itself, when 

the chitosan content was greater than 15%. Additionally. the cell attachment and gronth 

of a 40-wt % chitosadPVA hydrogel exceeded the cell growth and attachment on 

collagen controls. These hydrogels had a water content of 65-75-wt %, and a peak 

chitosan concentration of 20 wt %. Hydrogels with greater than 15 wt% chitosan sho\ved 

good affinity for L929 fibroblasts, m-hereas few cells attached or grew on hydrogels 

containing less than 10% chitosan "'. Hydrogels can also be formed by immersing the 



glass plate and casting solution into a coagulation bath to obtain a membrane. These 

membranes possessed a dense top layer lacking pores, supported by a porous sublayer 

with a spongy characteristic. The addition of PVA modified the structure of these 

membranes, but also indicated an incompatibility with chitosan. Chitosan and PVA ~vsre  

indicated to be immiscible, and the chhosm molecules Lvere selectively present to~vards 

the surface of the membrane 37.  

Cross-linked chitosan membranes were prepared by the addition of bifunctional 

reagents, such as aldehydes, carboxylic anhydrides, and glutaraldehyde to the chitosan 

solution. Two easily prepared examples are N-arylidene-chitosan and N-acyl-chitosan 

membranes. A chitosan-hydroacetate solution was first poured into a glass petri dish to 

give a thin liquid layer. After the addition of either an aldehyde or carboxylic anhydride, 

films formed within a few hours. These membranes are reported to be neither solubilized 

nor swollen by soaking for one week in water, NaOH, dimethyl sulfoxide, or formamide. 

It is suggested that the cross-linking mechanism involves formation of a Schiff s base 

structure lZ3. These types of membranes might also be considered for freeze-drying and 

experimentation with NIH 3T3 fibroblasts. 

Ionotropic gelation has been used to cross-link chitosan salts with counterions to 

form a gel. The gel fornls as a result of interactions between the chitosan salt and 

counterions in solution. Ionotropic gelation for the formation of chitosan membrane is a 

very mild process. Chitosan membranes have been formed with a variety of counterions 

or polymers, such as pyrophosphate, octylsulfate, and alginate. Among the counterion 

15 polymers that gelate with chitosan, alginate is the most widely used. . These gels can 

be dried by lyophilization. 



Another effective method for modifying chitosan with f ict ional  molecular 

groups is with graft copolymerization. Graft copolymerization is a process using free 

radical polymerization to introduce a side chain or graft with a different chemical nature 

than the main polymer chain onto the chain. Of the various potential modifications to 

chitin and chitosan, grah copolgmeri$tion is one of the most attractive approaches for 

creating versatile molecular designs. Graft copolymerization can produce novel types of 

tailored hybrid materials composed of natural polysaccharides and synthetic polymers. 

The properties of the graft copolymers can be controlled by the characteristics of the 

introduced side chains, including the molecular structure, length, and number. Chitosan 

has been graft copolymerized with vinyl monomers and aniline. Graft copolymerization 

can be used to introduce peptide side chains onto chitosan, which can increase cell 

attachment, spreading, growth or expression of certain growth factors in cells 'I5. This 

method has potential benefit in the development of effective biomaterials from chitosan 

for tissue engineering. 

2.3. Cellular Function and the Wound Repair Process 

2.3.1. The Wound Repair Process 

Wound healing and regeneration are developmental processes involving different 

cellular functions, such as cell proliferation, cell migration, cell differentiation and 

interactions between the different tissue components 205. Specific cellular phenomena 

studied in this project are the attachment and growth of NIH 3T3 fibroblasts on chitosan 

films relative to polystyrene controls. The attachment of fibroblasts to the site of wound 

repair is critical to the second stage of wound repair. Increasing the rate of cell 

attachment will increase the effectiveness and efficiency of the repair process. 



Additionally, the rate of cell proliferation is essential to the proper function of the cell 

and the rate of protein synthesis. The rate of growth, proliferation, and differentiation of 

cells on a material rely upon the successful attachment and spreading of cells on the 

surface of the substratum 'O. 

The wound repair process is the series of actions in which unhealthy or damaged 

tissue is repaired. A thorough understanding of the processes involved in wound repair is 

necessary for the development of functional biomaterials for use in tissue engineering. 

Wound healing consists of three stages. First, inflammatory cells from the adjacent tissue 

move towards the damaged site. Second, fibroblasts migrate to the site and produce 

collagen fibers that provide tensile strength to the regenerated tissue. Sin~ultaneously to 

the fibroblast migration, numerous capillaries begin to form to provide the site with 

nutrients and oxygen, while epithelial cells at the edge of the wound begin to fill in the 

area under the scab. Finally, the new epithelium forms and the wound is healed. Wound 

healing encompasses many biochemical processes regulated by hormonal factors and 

anti-inflammatory mediators, resulting in the repair of tissue and defense against 

infection. Regulating factors in wound repair include growth factors, immunologic 

mediators and biochemical substances 82. AS a result of inflammation, fluid, cells, or 

cellular debris escape from blood \.essels and are deposited in tissues or on tissue 

surfaces. Enzymes present in this material may cause modification of the various 

parameters affecting cell contact 227. Improving on the stages of wound repair can result 

in an accelerated, more efficient and complete wound closure and repair. 

The inflammatory stage of wound repair is crucial to the function of implanted 

materials, as well as to natural processes of destruction, dilution or isolation of an 



injurious agent. Normally, the implantation of a prosthesis is followed by an 

inflammatory reaction that can be moderate or severe depending on the properties of the 

prosthesis. A moderate inflammation response can illicit desirable effects, especially 

when resorption of materials is desired. As previously mentioned, the resorption of a 

material is the process of degradation knd subsequent incorporation of by-products back 

into the surrounding tissue. A material should resorb without any significant toxic or 

immunological effects on the surrounding tissue 38. During inflammation several cells 

(i.e. monocytes or macrophages) produce hydrolyzing agents ( specific enzymes) and 

oxidizing agents (NO). The presence of these inflammatory agents can prompt polymer 

degradation, which allows normal growth of the tissue replacing the degraded prosthesis. 

Conversely, a severe inflammatory response to a foreign material can prompt massive 

destruction of the tissue at the site of implantation and restrict the healing process Ig4. 

To understand the processes of wound repair, it is critical to know the responses 

of connective tissues to wounding. These responses are often mimicked in natural repair. 

This study utilizes the NIH 3T3 fibroblast as a model because of the intrinsic role 

fibroblasts play wound healing process. Fibroblasts are intimately associated with 

implanted biomaterials and wound repair. Fibroblasts produce collagen during the 

process of wound repair and participate in organization of new connective tissues " I .  

Collagen is crucial to wound healing in all phases of the process. Initially, collagen (with 

input from fibronectin) sets the stage for the inflammatory response by initiating platelet 

adhesion to begin clot formation. Then, during inflammation, collagenase clears the 

wound area. Next, collagen is produced to provide an adequate matrix for wound repair, 



while collagenase activity increases, permitting cell mobility. Finally, the tissue is 

remodeled as the collagen matures and collagenase removes excess collagen 205. 

Fibroblasts produce many important molecules to wound repair including the 

glycoprotein fibronectin 193 229 . Fibronectin promotes a variety of reactions important to 

wound healing, including fibroblast digration, the adhesion and spreading of platelets on 

collagen bound to the fibrin clot and to collagen itself. During the inflammation stage, 

fibronectin promotes the formation of the fibrin clot by binding and cross-linking with 

transglutaminase to collagen, fibrin, and itself 51 72, 109 . Collagen also stimulates the 

treatment of cells with opsonin to make them more susceptible to inundation 

(opsonisation) by phagocytes (macrophages and neutrophils). The ability of fibronectin 

to promote opsonisation reactions in phagocytes could be important for removal of 

necrotic, infected or foreign material from the wound. Fibronectin contains the RGD 

domain. which is integral in the attachment of many cell types to surfaces. RGD is found 

in many adhesion proteins and binds to numerous integrin receptors 9'. Interactions 

between cell integrins like RGD and fibronectin of an ECM or adsorbed to a substrate 

result in cellular attachment and spreading. Fibronectin not only functions as an 

attachment protein, but also may play an important role in repair reactions. The multiple 

interactions and biological activities of plasma fibronectin (also knon-n as cold insoluble 

globulin) are consistent with it having a role in wound repair. Fibronectin may also be 

one of the agents attracting fibroblasts into the wound, because it is highly chemotactic 

for fibroblasts, promoting the direction of movement through a gradient of diffusible 

fibronectin j9. Furthermore, fibroblasts adhere to fibrin that has covalently bound 

fibronectin 72. Once in the wound area, fibronectin can help maintain the fibroblasts by 



promoting cell-matrix interactions and stimulating matrix production 53. Another reason 

this investigation considers the NIH 3T3 fibroblast as a model cell type is due to its 

production of fibronectin. 

Also, fibroblasts are a model cell type for wound repair due to their interaction 

with keratinoc)tes. In vitro, fibroblasis affect the proliferating and differentiation activity 

of keratinocytes 12' 1 6 .  In vivo, epithelial differentiation is controlled by the supporting 

mesenchyme. The effect of various components of the dermis on epidermal 

differentiation has been illustrated in embryonic development 204. Thus, the fibroblast 

plays an integral role in the development of the dermis and epidermis through its effects 

on keratinocytes. 

Growth factors are involved in the process of wound healing. In vivo studies have 

shown that growth factors stimulate and modify the different phases of wound healing. 

particularly in cases of impaired healing. These studies indicated that cells present in the 

healing area produced growth factors that stimulated wound healing. The wound fluid 

from surgical wounds was found to possess potent mitogenic and healing stimulatory 

properties, whereas fluid from chronic wounds did not have these effects. This implies 

that the growth factors secreted by acute wounds are not as susceptible to proteolysis as 

in clu-onic wounds. Several of these groxtth factors involved in the regulation of wound 

114 10 repair are protected from degradation by being bound to heparin . 

Heparin is found in the granules of the mast cells and exerts its anticoagulant activity 

by binding and activating the plasma protein antithrombin. Heparin also binds with high 

specificity to a large number of different growth factors, which become activated and 

stabilized. For example, basic fibroblast growth factor's (bFGF) conformation changes 



when bound to heparin and its activity increases over 20 fold in vivo, as well as a 100 

fold increase in stability against proteolytic enzymatic degradation. Heparin stimulates 

proliferation in some cell types and inhibits growth in others. It also modulates several 

'9 52 136 I39 phases of wound healing - . In order to transmit its growth signal into a cell, 

FGF required heparin sulfate as a cofbtor to bind the cell receptor 'O ' .  Heparin tends to 

stabilize the interaction between fibronectin and collagen. Heparin sulfates, found in 

high concentration in a CHO cell line which detaches slower than it's normal counterpart 

from a substrate, indicate that the heparin sulfate GAG plays an essential role in cell 

attachment, in vivo I9O. 

The migration of cells is an integral aspect for the stimulation of tissue 

reconstruction Is8. Migration of cells and wound repair is encouraged by growth factors 

such as bFGF and PDGF. Wound repair is encouraged by bFGF's tendency to promote 

migration and proliferation of capillary endothelial cells, which are essential for the 

formation of new blood vessels in the damaged site. Glycosaminoglycans have the 

potential to bind different growth factors. Chitosan can bind growth factors such as FGF 

due to its similarity in structure to GAGS (the NAGA units). Chitosan can activate 

macrophages and monocytes, thereby inducing the production of FGF and PDGF, which 

stimulate the organization of bone tissue both in vitro and in t . i~-o' '~. Fibroblast gronth 

factor and PDGF can induce mitosis (mitogenic) in eukaryotes and through a gradient can 

induce a response towards the direction of migration of many cells involved in wound 

healing (chemotactic), including fibroblasts, epidermal cells and endothelial cells. Basic 

FGF can induce faster wound closure when introduced to the damaged site 1 1  81 20 

Platelet derived growth factor is mitogenic in eukaryotes and chemotactic to periodontal 



ligament cells and osteoblasts 68. Platelet derived growth factor has also been shown to 

enhance periodontal regeneration, and promote periodontal regeneration in beagles and 

non-human primates when combined with insulin-like growth factor I*' Ig5 61 .  Chitosan, 

in combination with FGF may have an increased stimulatory effect on tissue repair. 

Chitosan shows biostimulating akvities in the repair of various tissues 16'. Chitosan 

also assists wound healing and tissue growth by activating growth factors and cytokines 

in vitro. By increasing the expression of growth factors, chitosan enhances fibroblast 

activity and encourages the development of fibrous tissue. Additionally, chitosan 

exhibits wound healing properties by forming complexes with heparin, which promote 

tissue vascularization and has anticoagulant properties \ I6 .  Chitosan in vivo seems to 

induce an attraction for stromal cells by exhibiting migratory and stimulatory effects on 

the stromal cells neighboring the polysaccharide Ij8. 

2.3.2. Cellular Interactions 

The following sections summarize important cellular processes of attachment, 

adhesion, spreading, growth and migration. 

2.3.2.1. Cell Attachment and Adhesion 

Cell adhesion is important to many cellular processes. Adhesive interactions play 

a critical role in the development of multicellular organisms by guiding cells to 

appropriate locations and securing them in place. Cell adhesion is thought to depend on 

intermediate adhesive molecules '92. As previously mentioned, an important attachment 

protein is fibronectin, which is produced by fibroblasts and endothelial cells as well as 

some other cell types 12*. Fibronectin interacts with other molecules associated with the 



ECM including collagens, GAGS, proteoglycans, fibrinogen, fibrin and actin, and 

promotes cell attachment and spreading 19'. Many adhesion molecules, including 

fibronectin, immunoglobulin (Ig) type proteins, and cadherins share similar structural 

features. Fibronectin contains multiple repeats of a 90-amino acid domain identified as 

fibronectin type I11 (FNIII) domains. '~ibronectin type I11 contains the RGD sequence in 

the ligand protein, and is similar in structure to the Ig molecules ' I 9  1 3 '  228. The RGD 

sequence is also recognized by vitronectin, larninin and collagen types I, 111, IV and VI 

. Also, hydroxyl groups have been suggested to be important to initial adhesion of 

cells to substrates, whereas parts of carboxyl groups influence long-term cell growth 19. 

Cell adhesion first involves non-specific forces, followed by specific adhesion 

interactions of the cell with the substrate or ECM. Non-specific forces influencing cell 

adhesion include electrostatic forces and van der Waals forces. Structural proteins 

involved in cell adhesion consist of extracellular and intracellular components, and 

cytoplasmic proteins. The extracellular proteins include collagen, fibronectin, vitronectin 

and laminin. Transmembrane proteins include a and P integrin subunits and cell-surface 

proteoglycans. Finally, cytoplasmic attachment proteins include actin, a-actin, fimbrin, 

vinculin, talin and tensin 170 42 7 118 60 24 

Serum or tissue proteins that support the cell adhesion process contain active 

sites, which bind to specific cell surface receptors, analogous to antigen-antibody or 

enzyme substrate binding lo'. Most adhesion receptors also function as signaling 

molecules. Phenomena such as anchorage dependence and contact inhibition of growth 

appear to be linked to integrin-mediated adhesion 202 210. Fibroblasts, endothelial and 



epithelial cells all cease growth when detached from the culture substrate in vitro. Cell- 

cell adhesion molecules may mediate contact inhibition 2'0. 

One important step in cell-substrate interactions is the adsorption of proteins from 

the media onto the substrate. Additionally, the orientation and conforination of the 

adsorbed proteins can affect the cell-sbbstrate interactions, such as cell attachment and 

spreading as well as specificity for certain cell lines. Fibronectin is known to enhance 

cell attachment and spreading to anchorage dependent cell lines. One study indicated an 

approximately linear correlation between 3T3 fibroblast spreading and the amount of 

fibronectin adsorbed onto the cell culture substrate. This was demonstrated for 

hydroxyethylmethacrylate (HEMA) and ethylmethacrylate, as well as for numerous 

polymeric substrates including polystyrene. However, if given enough time (up to 24 

hours), 3T3 fibroblasts did spread onto a substrate, indicating that the cells secrete their 

own fibronectin. Furthermore, it was shown that glass surfaces pre-incubated with 10% 

serum for as little as 10 seconds showed similar enhancement in subsequent cell 

spreading to those pre-incubated for 90 minutes. This illustrates the rapidness of the 

86 adsorption process. . 

Cell attachment will occur on most substrates coated with any protein, but 

spreading requires specific factors l o ' .  Cell attachment appears to be dependent on the 

surface free energy of the substrate. This has been illustrated with studies on the 

attachment of cells associated with collagen or adsorbed serum proteins, which indicate 

that in the absence of serum, attachment is primarily dependent on the surface free energy 

of the substrate ". Cells using glycoproteins such as fibronectin can adhere to specific 

collagens. Fibroblasts will adhere to all collagens, whereas other cell types including 



chondrocytes, epithelial and endothelial cells will bind preferentially to specific collagens 

lo9. Fibroblast adhesion to collagen requires divalent cations (ca2+, M ~ ~ ' )  and is 

temperature dependent 108 180 

The ECM GAGS, hyaluronic acid and heparin sulfates, play an important role in cell 

adhesion. Heparin tends to stabilize the interaction between fibronectin and collagen 

whereas hyaluronic acid has a destabilizing effect. Heparin sulfates, found in high 

concentration in a CHO cell line which detaches slower than it's normal counterpart from 

a substrate, indicate that the heparin sulfate GAG plays an essential role in cell 

attachment, in vivo I9O. Another influential adhesion glycoprotein is laminin. Laminin is 

a high molecular weight glycoprotein that influences the adhesion and spreading of many 

cell types. Laminin mediates adhesion of epithelial cells and endothelial cells to 

basement membranes, thereby holding a significant role in cell development and 

differentiation l o ' .  

Attachment of cells to substrates can depend on the surface topography. The 

alignment of baby hamster kidney cells, Madine-Darby canine kidney (MDCK) cells and 

chick cerebral neurons were significantly affected by groove depth over groove spacing 

in substrata when dimensions are comparable to a typical cell size. A cells susceptibility 

to substrate topography is cell-type dependent and depends on the availability of cell-cell 

interactions. Grooved substrate tends to stabilize shear sensitive cells subjected to a shear 

force. One proposed strategy to improve tissue attachment at implant surfaces with 

fibroblasts is to use parallel grooved substrata with subcellular dimensions. Fibroblasts 

will conform to these contours 22. 



2.3.2.2. Cell Spreading 

To achieve faster cell spreading and directed cell migration, one must first 

optimize the adhesion of the cell to the biomatrix lU. Cell spreading is mediated by 

glycoproteins such as collagen, fibronectin, laminin, chondronectin and a spreading 
1 

factor. Fibroblasts may exhibit different spreading behavior depending on the amount of 

adsorbed fibronectin on the substrate. The fibronectin affects the initial spread of cells 

onto the substrate, but subsequently, cells will spread due to their own production of 

fibronectin 88. A major factor that regulates the mitogenic response of a given cell type to 

a given class of mitogenic agents is the cellular shape. Specific cell surface proteins 

control the cellular shape 66. Cell adhesion to materials is mediated by cell-surface 

receptors, interacting with cell adhesion proteins bound to the material surface 4. Many 

cultured cells including fibroblasts, myoblasts, hepatocytes, chondrocytes, and certain 

epithelial cells are suspected to utilize these adhesion glycoproteins bind the cells to the 

substrate 36 'O. Cells will attach to many surfaces in the absence of bulk phase or 

adsorbed proteins, but typically will not grow. The spreading of the cell is a 

characteristic of the cell functioning in a state more indicative of that found in vivo 86. 

Cell attachment and subsequent shape can also effect the expression of genes and the 

translation of mRFJ.4. Furthermore cellular attachment and shape change can affect 

differentiation as well as morphogenesis (spatial arrangement and tissue formation) ' " 

lo3. One theory towards the maintenance of good cell growth in vitro and in vivo is to 

attach as many cells to the substrate as possible with the help of attachment proteins, as 

this will result in good spreading behavior as the cells produce the necessary products for 

this phase lo'. 



2.3.2.3. Cell Growth and Migration 

The proliferation of cells is closely related to its cellular shape. The cellular 

shape is determined in vivo by the ECM, and in vitro by the substrate on which the cells 

are cultured. The ECM or substrate can induce the cells shape and gro~vth. The substrate 

also controls cellular differentiation and can shift the pattern of genetic expression of an 

already differentiated fibroblast line. This was demonstrated by showing an inert matrix 

of demineralized bone capable of inducing fibroblasts to change their genetic expression 

to form cartilaginous bone and bone marrow 183. Studies with porous substrata have 

indicated that surface morphology can affect cell growth and differentiated function. The 

effects on cell proliferation and function appear to be a result of a direct modulation of 

cellular shape due to substrate topography 54 94 98 

Cell migration is mediated by cell adhesion receptors and their ligands. Most 

cells in the body can use adhesion molecules for migration. Integrins mediate migration 

of anchorage dependent cells on the ECM. A weak or moderate strength of attachment 

favors cell migration, and a strong attachment tends to immobilize the cell. Also, similar 

to integrins, cell-cell adhesion molecules can control cell migration by promotion or 

inhibition '92. Stress fibers composed of microfilaments are suspected to resist cell 

migration by anchoring cells to the substratum. During initial cell spreading, a radial 

stress-fiber pattern often develops. Subsequently, upon flattening, one side of the cell 

will display a fan-shaped array of stress fibers, and cell migration tends toward the side 

lacking these stress fibers 209. Migrating fibroblasts exhibit contact inhibition by forming 

submembraneous actin filament bundles at contact areas. Cadherins subsequently 

interact with the actin filament system, negatively affecting cell migration lo' .  



2.3.3. Extracellular Matrix 

With the exception of hemopoietic cells, gametes and tumor cells, most mammalian 

celis require a solid substrate or scaffold to attach to in brder to proliferate and function, 

both in vitro and in vivo '' 9. This substrate is tissue-specific in vivo, referred to as the 

extracellular matrix (ECXI). The ECM is critical in directing tissue development and the 

cellular functions of adhesion, shape, growth, metabolism, differentiation and 

spontaneous mobility. In addition, the ECM provides necessary physical support for 

these functions. The natural ECM is the combination of many complex macromolecules 

that organizes cells to form complex tissues. The natural ECM is porous enough to allow 

for cellular migration and interaction, while not interfering with the diffusion of 

hormones, nutrients and metabolites into the matrix to provide nourishment and initiate 

cellular responses. The ECM is conlposed primarily of two kinds of macromolecules: 

proteoglycans and fibrous proteins. The proteoglycans are long unbranched chains of 

polysaccharides that can form 3-D matrices of hydrated gels in which cells can 

effectively function. These proteoglycans provide compressive strength to the ECM. 

The fibrous proteins, such as collagen, provide tensile strength to the ECM 212. The ECM 

is rich in GAGS including hyaluronic acid, chondroitin sulfates, dermatan sulfate, heparin 

and heparin sulfate ". Many studies on the role of the ECM components in tissue 

functions have been carried out with cells cultured on matrix proteins deposited on plastic 

3 5 . One method for increasing the biocompatibility of a material is by exploitation of the 

in vivo interactions of cells with their ECM molecules, which are often naturally 

occurring polymers 37. 



The in vitro repair or replacement of damaged tissues has utilized strategies focused 

on manipulation of the cell environment by modification of cell-ECM interactions, cell- 

cell interactions, or soluble stimuli 12.  Every ECM compound plays a different role in 

cellular responses and processes, including cell shape, movement, proliferation and 

differentiation. The composition of thh ECM influences the building up of tissue. ECbl 

molecules including collagen, GAG and glycoproteins such as laminin and fibronectin 

are the keys to the development of new tissue. GAGs are widely distributed within 

tissues, and may be integral components of the cell membrane. GAGs may therefore 

participate in cell-matrix interactions as well as cell-cell interactions. 

The ECM mediates cellular functions of growth, adhesion, migration and 

differentiation 2'6.  A major regulatory mechanism controlling cellular function is the 

adhesion of mammalian cells to surrounding ECM lo' .  Cell matrix interactions are 

mediated by cell surface receptors known as integrins 93. These interactions are regulated 

through the binding of cell receptors from the cell surface to molecules on adjacent cells 

or the ECM l 9  "' . Examples of integrins are the fibronectin and vitronectin receptors of 

fibroblasts, which bind to the RGD sequence in the ligand protein. Though the context 

of the RGD seems important and there is also a divalent cation-dependence. Other 

integrins include the platelet IIbIIIIa surface glycoprotein (fibronectin and fibrinogen 

receptor), the LFA-I class of leucocyte surface protein, together with the VLA surface 

protein. The requirement for the RGD sequence in the ligand does not seem to be 

invariable 2'. The development of chemically well-defined in vitro cell growth 

substrates, open to covalent addition of proteins, glycoproteins or other ligands acting as 



extracellular molecules 174 13 73 , will aid in better understanding the molecular basis of 

extracellular control of short and long-term cell behavior 19. 

Further influence of the ECM on cellular f i c t ions  relate to its ability to bind growth 

factors. Components of the ECM are capable of binding various gro~kth factors, and can 

subsequently regulate the activity of the growth factors as well as their availability 19! It 

is presently accepted that all cells in a multicellular organism are programmed to die 

unless externally stimulated otherwise 96 ''I. These survival signals are provided by 

direct cell contact with the ECM as well as through soluble factors such as hormones or 

cytokines 58 179 182 

Fibroblasts produce collagen as a primary structural protein. Collagen shows 

evidence of directing cell differentiation. Similarly, proteoglycans and hyaluronic acid 

play a crucial role in movement of cells or groups of cells during development 79, 135 132 

Collagen also influences cell proliferation, migration and specific gene expression 109 120 

Collagen is frequently cross linked when used as an implantable biomaterial to increase 

the structural stability of the matrix and prolong its structural integrity during 

degradation. The addition of chitosan to collagen increases the structural integrity of 

collagen matrices. This may be advantageous for applications requiring long-term 

maintenance of 3-D cell-seeded matrices in vivo and in virro "'. 

Many vital processes of growth, development and tissue repair subsequent to injury 

depend greatly on the proper timing and rate of synthesis and breakdown of collagen 

molecules. Scar tissues are the end result of most healing processes in higher vertebrates 

and man, and are composed primarily of collagen. Also, collagen metabolism is an 

integral part of cellular processes including tissue regeneration and reshaping, and the 



growth and development of hard tissues. Collagen has been utilized as an ECM for 

culturing cells in vitro. Collagen is not as versatile in the development of films, and 3-D 

matrices as chitosan. Additionally, collagen can be quickly broken down in vivo by 

collagenases, which is sometimes to fast for complete wound repair using an implantable 

substrate. 

One of the primary factors that regulates the mitogenic response of a given cell type 

to a specific mitogenic agent is the cellular shape. The stimulation of cell to a mitogenic 

response can be guided in vivo by the ECM upon which the cells rest and in vitro by the 

substrate upon which the cells are maintained; the substrate itself may in turn induce the 

cells to manufacture their ECM and specific cell surface proteins which control the 

cellular shape 66. Many cultured cells including fibroblasts, myoblasts, hepatocytes, 

chondrocytes, and certain epithelial cells are suspected to utilize adhesion glycoproteins 

to bind the cells to the substrate or ECM 36 
83 . As previously mentioned, fibronectin, 

which is produced by fibroblasts and endothelial cells as well as some other cell types, is 

an important adhesion glycoprotein Io9. Fibronectin interacts with other molecules 

associated with the ECM including collagens, GAGS, proteoglycans, fibrinogen, fibrin 

and actin, and promotes cell attachment and spreading 191 80 173 

Hyaluronan is found in the ECM of various connective tissues and structurally 

resembles chitosan. Hyaluronan has been shown to promote cell motility, adhesion and 

proliferation, and to have an important role in processes of morphogenesis, inflammation, 

wound repair and secondary tumor development that require massive cell movement and 

tissue reorganization. Many of the effects of hyaluronan are controlled by cell surface 

receptors. These hyaluronan-mediated signals are conveyed partly through the activation 



of protein phosphorylation cascades, cytokine release and stimulation of cell cycle 

proteins "'. The ECM uses its proteoglycan components to regulate the activities of 

growth factors. For example, FGF requires heparin sulphate (a component of 

proteoglycans) as a cofactor to bind the receptor that transmits its growth signal into the 

i 
cell 202. 

2.4. Fibroblasts 

This project utilizes fibroblasts as a model cell type for many reasons. Fibroblasts 

are acknowledged as critical components in the wound repair process. They follow the 

inflammatory cells to the damaged site and contribute to the repair through the 

production of structural proteins. The fibroblasts also encourage wound contraction and 

reorganization of the ECM 147. Fibroblasts are intimately associated with implanted 

biomaterials. Fibroblasts in the metabolic state produce collagen during the process of 

wound repair and organization of new connective tissues 2". Additionally, fibroblasts are 

among the easiest mammalian cells to cultivate. A predominance of the fibroblast and 

derivation of homogenous strains result from the serial cultivation of disaggregated cells 

from a piece of tissue from almost any location 69. Furthermore, the fibroblast has 

differentiated functions that are easily maintained in culture 7j. Fibroblasts are often used 

as a model cell type for the evaluation of a biomaterial ' I 2  37 77. For these reasons, this 

project utilizes the NIH 3T3 fibroblast as the model cell type of investigation. 

Fibroblasts are anchorage-dependent cells. Studies indicate that anchorage 

63 199 dependent cells have a preference for cationic surfaces . Cations, including ca2' and 

M ~ "  in fetal calf serum (FCS) and Dulbecco's Modified Eagle Medium (DMEM) 

mediate fibroblast adhesion and may be bound to a chitosan membrane '77. Also, 



fibroblasts will attach and proliferate on many different substrates with varying 

chemistries. However, the fibroblast will not grow if detached from the substrate. Cell 

growth that is dependent on anchorage appears to be related to specific integrins, 

depending on the cell type. For example, CHO cells and human osteosarchoma cells 

were shown to attach (but not grow) though integrins in serum-free conditions, and only 

survived when attaching through the a 5 p l  integrin 231. 

Fibroblasts are model cells for assessing the cellular interaction with polymer 

substrates. Results of one study indicate that the polymer substrate influences initial 

attachment and spreading, but not subsequent growth rate of fibroblasts. Evidence 

indicates that fibroblasts produce enough of their own ECM proteins after 24 hours in 

vitro to render the surface chemistry of the attachment culture substrate unimportant at 

longer periods ''. 
Fibroblasts are known to produce cytokines including interleukin (1L)-1, IL-6, IL- 

8 and tumor necrosis factor (TNF). These cytokines can alter the immune response 

during inflammatory and immunological reactions, and may be influential in attracting or 

restricting the build-up of connective tissue by altering the mobility and proliferation of 

fibroblasts in an inflammatory lesion. Furthermore. they can alter the immune response, 

as tvell as play an important role in promoting or restricting the accumulation of 

connective tissue by altering the migration and proliferation of fibroblasts in 

inflammatory lesions 14'. Fibroblasts synthesize the different macromolecules of the 

dermal ECM in an organized manner and limit formation of granulation tissues and 

hypertrophic (enlargement due to an increase in cell size) scars 45. Cells known to 

depend on fibroblasts or products thereof include myoblasts, and keratinocytes. Thus, the 



development of muscle fibers as well as the various differentiated layers of the dermis 

and epidermis depends on fibroblasts and their products. Epithelial cell types appear to 

be dependent on connective tissue for proliferation 69. 

A collagen-GAG-chitosan sponge acts as an excellent 3-D matrix for human 

fibroblast culture, ~vhich can be used ih the preparation of dermal or skin equivalents. 

Specific characteristics studied included cell proliferation, migration and metabolic 

activity. The spongy substrate was also studied for variations in weight and size with 

time. Human foreskin fibroblasts grew and displayed biosynthetic activities similar to 

those of cells cultured in collagen gel. A three-fold increase in cell growth was observed 

on chitosan-containing gels compared to collagen itself. Also, a two fold decrease in 

total protein and collagen synthesis was apparent in the pure type I collagen. This was 

the result of native collagen sponges quickly contracting and experiencing considerable 

\veight loss because of enzymatic breakdonm below 37 OC. The addition of chitosan and 

GAG acted to stabilize the collagen network and reduce this weight and size loss. These 

studies confirm previous studies that fibroblast growth is inhibited in a contracted 

collagen gel 221 34 8 49 162 . In another study, the attachment and growth of fibroblasts 

exceeded that of cells on a collagen-coated substrate "'. Also, chitosan-cellulose-chitin 

polymers provide an ECM in viwo exhibiting greater cell differentiation and development 

of cell function for human periodontal ligament fibroblasts (HPLF) compared to a 

polystyrene tissue culture dish. This chitosan-polymer benefited the HPLF culture in 

virro, mimicking the ECM of that in vivo 77. 



2.5. Important Substrate Properties 

One objective of this project is to develop a standard, reproducible chitosan film- 

formation technique. In order to establish that the films are similar in physical and 

chemical properties, it is necessary to characterize them. Therefore, the following 

nleasurenlents were performed on chitosan films for this characterization; the viscosity of 

the chitosan solutions in acetic acid, the physical dimensions of films including thickness, 

length, width, and roughness, Young's modulus of elasticity, yield stress, strain to failure, 

and the degree of deacetylation (DDA). A thorough characterization of these chitosan 

films will help confirm that they are produced with similar properties. It is also necessary 

to understand the properties of the chitosan films to explain their effects on the 

attachment and growth of NIH 3T3 fibroblasts. 

2.5.1. Surface Free Energy 

A vital characteristic of chitosan films and biomatsrials in general is the surface 

free energy (SFE). The SFE of a substrate has been shotvn to affect cellular adhesion, 

spreading and migration. Cell adhesion appears to be maximized on moderately wettable 

surfaces with water-in-air contact angles in the range of 60 to 90 degrees 21 I 226 92 78. T~~ 

water-in-air contact angle of substrates is directly related to its surface free energy. 

Furthern~ore, fibroblast spreading has been correlated with surface free energy, with 

greatest spreading on substrates with SFE greater than 45 ( m ~ / m ~ )  212 20'.  Also, fibroblast 

synthesis of collagen has been shown to be highest on surfaces with surface free energies 

2 211 201 greater than 55  (mJ/m ) . Studies with human endothelial cells fiirther suggest that 

moderately wettable surfaces increase the adsorption of serum proteins, which thereby 

increases cell attachment, spreading and adhesion 225. 



2.5.2. Roughness. Relation to Attachment, Orientation and Adhesion 

As previously mentioned, the roughness of a substrate can greatly affect the 

attachment, orientation, and adhesion of cells. One study demonstrates that rough 

surfaces develop higher adhesion than smooth ones"'. Higher adhesion to rough 

surfaces may be expected because rough surfaces have a greater surface area than smooth 

ones, and a low viscosity adhesive could flow into all of the cavities available while a 

high viscosity adhesive could not Furthermore, cells cultured on substrates with 

textures, edges and grooves exhibit different behavior than those cultured on smooth 

surfaces. Studies confirmed that the extent of cell alignment on parallel grooved 

substrata mainly depends on groove depth, and is less dependent on groove spacing 39. 

One example is the orientation and migration of neuron cell cultures along fibers or 

ridges in the substrate (termed contact guidance). Additionally, fibroblasts have been 

shotvn to orient along grookeed surfaces, ~vith optimum orientation occurring tvhen groove 

dimensions were in the range of 1 to 8 pm. This orientation was shotvn to depend on the 

depth and pitch of the grooves 22. Contact guidance has been suggested as a mechanism 

for tumor cell invasion. Many researchers have studied contact guidance using substrates 

with grooved or textured dimensions. Also, grooves tend to stabilize shear-sensitive cells 

subjected to shear forces'06. 

Additionally, grooves can effect cell growth and function 33 84 214 I40 203 

Fibroblasts showed improved growth when cultured on polydimethylsiloxane (PDMS) 

with uniformly distributed peaks of 4 to 25 pm2 compared to larger dimensions. Also 

PDMS surfaces with 2 to 5 pm grooves maximized macrophage spreading 203. The 

differentiated state of MDCK cells can be controlled with microporous membranes. 



Epithelial cells, which are intimately associated with fibroblasts, when cultured on 

grooved titanium substrata showed an increase of proteinase secretion over that on 

smooth surfaces. Furthermore, bone cells showed increased protein synthesis on grooved 

polystyrene dishes. It has been hypothesized that differences in protein secretion are due 

to differences in cellular shape. As prkiously mentioned, cellular shape can affect cell 

growth, gene expression of ECM proteins, mRNA stability and differentiated function of 

cells 11  l 14 41 103 

2.5.3. Chitosan Degree of Deacetylation 

An important chemical property of chitosan is the degree of deacetylation (DDA). 

The DDL4 is intrinsic and represents the amount of free amino groups in the 

polysaccharide Iz3 .  The behavior of chitosan is partially dependent on the DDA l j 7 .  The 

DDA, in turn, influences the overall charge densit:. of chitosan solutions, films and 3-D 

matrices. The DDA of chitosan has been shown influential in supporting the attachment 

and growth of L929 fibroblasts and BHK2 1 (C13) cell lines. As little as 10% difference 

in DDA had a significant effect on the attachment and growth of theses cell lines, with 

best performance on those polysaccharides with high DDA's 177. The DDA also affects 

other properties of chitosan, incl~~ding the molecular weight and therefore viscosity in 

solution. Chitosan with DDA's between 90 to 100% are considered fully deacetylated. 

The DDA can be determined by nuclear magnetic resonance (NMR), Fourier Transform 

infrared spectroscopy (FTIR), mass spectrometry, chemical or enzymatic titration, gas 

chromatography and dye adsorption 153 123 



2.5.4. Other Physical Properties 

The viscosity is another important property of chitosan in solution. The viscosity 

is related to the molecular weight of the polysaccharide, and can be used to determine the 

molecular weight. Also, the shape and preparation of chitosan films and drug-containing 

chitosan beads was critically dependent on the viscosity of the chitosan solution. High 

viscosity chitosan solutions result in spherical and strong beads, whereas beads are not 

attainable with lower viscosity solutions IS. 

Simple properties like the thickness of chitosan films are useful for determination 

of reproducibility of film-forming techniques. The thickness of films is also used for 

determination of other important mechanical parameters like the Young's modulus of 

elasticity, yield stress and strain to failure. These parameters give further measure of the 

reproducibility in the film formation technique, and variability in chitosan sample 

properties. One study considers the effect of solvent acid on elasticity and relaxation 

response of chitosan films. This study indicated that the wet-tested apparent Young's 

modulus of elasticity increases with increasing chitosan concentration Io6. Mima and 

coworkers'42 characterized both the wet and dry tensile properties of chitosan films. 

They found an increase in wet tensile strength with increasing N-acetylation and no 

correlation in dry tensile strength and ,V-acetylation. 

2.6. Summary 

This chapter describes previous work with chitosan as a biomaterial and with various 

cell types. The current research considered the attachment, spreading and growth of NIH 

3T3 fibroblasts on 2-D chitosan films of varying concentrations. This appears to be the 

first study to consider the cell functions of attachment, spreading and growth of NIH 3T3 



fibroblasts on chitosan films. A study similar to the current one by Prasitsilp and others 

17' utilized L929 fibroblasts on 2-D chitosan-coated petri dishes to illustrate the 

importance of the DDA of chitosan on the attachment and growth of fibroblasts, with 

highly deacetylated chitosan supporting significant fibroblast attachment and growth. 

Examples of 2-D applications nith chhosan as a biomaterial include its evaluation as a 

substratum for skin replacement 'O, as a bandage material, and as a skin grafting template 

Previously established methods for the formation of 2-D chitosan films and 3-D 

matrices are reviewed in this chapter. One simple method for producing 2-D chitosan 

films was outlined by Rigby in 1936 lg9. Three-dimensional scaffolds were prepared by 

ionotropic gelation using tripolyphospate. Previous researchers have formed chitosan 

membranes ~vith a variety of counterions or polymers, such as pyrophosphate, 

octylsulfate, and alginate. Among the counterion polymers that gelate with chitosan, 

alginate is the most widely used ". 

The importance of the cellular functions in wound repair as well how substrate 

properties affect these functions is reviewed in this chapter. Fibrblasts play a particularly 

important role in the wound repair process as one of the first tissues involved with the 

repair of damaged or diseased tissue. Substrate properties including the water-in-air 

contact angle *'I, surface free energy 20',  and roughness " I", as well as the degree of 

deacetylation of chitosan 157 177 can influence cellular processes of attachment, spreading 

and growth. 



Chapter 3 

CHITOSAN FILM FORMATION A,\?) CHARACTERIZATION 

3.1. Introduction 

I 

The goals of this part of the project were t~vo  fold: (1) to establish a standard, 

reproducible 2-dimensional chitosan film formation technique, and (2) to measure the 

properties of the films that can be related to its suitability as a biomaterial. It is essential 

that the film casting procedure produce films with similar physical and chemical 

characteristics, so that experiments performed on films cast at different times give similar 

results. Additionally, by establishing and executing a standard film formation method, 

one is able to familiarize oneself with the workability and properties of chitosan, as well 

as any limitations. To justify experimentation with cell culture and 3-D scaffolds, the 

viability of the material n-as first established through 2-D culture techniques. 

Furthermore, in order to establish a method for the fabrication of a porous 3-dimensional 

implantable scaffold, it is helpful to first establish a method for 2-D film formation. 

Chitosan films were dissolved in 1.5% acetic acid at concentrations of OS%, 1.5% 

and 3 .O% grams chitosan per ml of solution (wlv) using a technique similar to that 

outlined by Rigby I". By using different concentrations of chitosan films, the effect, if 

any, of chitosan concentration can be studied with respect to the physical and chemical 

properties of the films, as well as on the attachment and growth of NIH-3T3 fibroblasts. 

The physical and chemical properties used to characterize the chitosan films, as well as 

the reproducibility of the film-formation technique include SFE of the films, the DDA, 

surface roughness, film thickness, yield stress, Young's modulus of elasticity, strain to 



failure and the viscosity of chitosan solutions. These properties give a good description 

of the chitosan films in both the physical and chemical aspects. In addition to 

characterization of the films, the surface fiee energy and roughness of cell culture 

substrate have been shown to have a significant affect on cell functions as described in 

Chapter 21 1 201 5 22 
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3.2. Materials and Methods 

3.2.1. Two-Dimensional Film Formation 

High molecular weight chitosan (Lot # 04919KU) was obtained from Aldrich 

Chemical Company (St. Louis, MO). The chitosan was prepared from crab shells has an 

approximate molecular weight of 600,000 glmol, an 85% minimum DDA, and was in the 

form of white to tan powder and flakes. This supply was utilized to form all 2-D films 

for cell culture experiments. An acetic acid solution (20% (vlv)) was supplied by VWR 

Scientific (West Chester, PA). Sodium hydroxide (NaOH) pellets were supplied by 

Fisher Scientific (Pittsburgh, PA). Ultra-pure distilled water (UP dH20) was purified 

with a Barnstead EASYPure RO compact reverse osmosis water system. This water was 

used for all chitosan solutions and rinse treatments. Smooth glass plates (12 x 12 x 118 

inches) kvere purchased from a local glass supplier. Pyrex dishes were utilized for 

soaking films. An Orion model 8000 pH meter kvas used for pH measurements. Finally, 

a drawdown coater was used for some film-forming applications (RK Print Coat 

Instruments, Model: Herts SG8 OQZ U.K.). Tinfoil, Kimwipes and clear tape were 

supplied through the University of Maine central supply. 

The following protocol describes the general method for the formation of a 0.5% 

(w/v) chitosan film from 500 ml of solution. Amounts of each ingredient are modified 



accordingly for the 1.5% and 3.0% chitosan solutions. First, 37.5 ml of 20% (vlv) acetic 

acid were added to 462.5 ml of UP dHzO to make a 1.5% (vlv) acetic acid solvent. Next, 

2.5 g of chitosan were dissolved in the solvent, resulting an a solution of 0.5% (wlv) 

chitosan in 1.5% (viv) acetic acid. This solution was strained through cheesecloth to 

remove any undissolved particulates. straining the chitosan through cheesecloth results 

in the loss of some solution and some chitosan. 

All four edges of a clean, smooth, 12 x 12 inch rectangular glass plate were taped on 

top of sheet of tinfoil, resulting in an exposed glass surface of 1 1 x 1 1 inches (121 in2). 

Glass was cleaned with a 70% ethanol solution and Kimwipes. The tinfoil was folded 

upward and taped together at the corners to create a containment wall. The tape also 

helped to detach the film from the glass support by creating a distinct edge in the film. 

Next, 100 ml of the chitosan solution was cast for each 60.5 square inch area. A cross- 

section schematic of the film casting set up at this point in the process is illustrated in 

Figure 4. 

Figure 4. Cross section of the chitosan solution cast on a glass support 
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Once cast onto the glass support, the solution was dried at room temperature for 

48 hours to ensure complete solvent evaporation. The humidity of the room was not 

controlled. The glass support was kept level during the drying process, resulting in an 

even film thickness. Once dried, the tspe Lvas removed from the glass, exposing distinct 

edges of the chitosan film. The edges of the chitosan film were carefully separated from 

the glass with a razor blade. Once the film edges were partially separated from the glass 

support, the film was peeled slowly away from the glass. 

Once the film was dried and separated from the glass support, it was rinsed with 500 

ml of 1 M of NaOH. The rinsing of films in a caustic solution gives the films water- 

resistance by neutralizing and removing any acetic acid anions present in the films. The 

caustic solution was placed in a Pyrex glass container with dimensions similar to or 

greater than that of the film. The film was immersed in the caustic, ensuring that the 

complete surface of the films were exposed, and soaked for 20 minutes. The films ~vere 

then repeatedly soaked with distilled water for 30 minutes to wash away any soluble 

products. The pH of the film rinse-water was measured after each 30-minute soak, until a 

constant pH of the rinse water was obtained to ensure that no more soluble products were 

coming off of the film. Typically, four successive 30-minute dH20 soaks were sufficient 

to obtain a stable pH near 7. Finally, the wet films were spread out and attached to the 

clean glass support with clamps and allowed to dry for 24 hours at room temperature. 

The resulting films were transparent and flexible. 

Preparation of OS%, 1.5% and 3.0% (wlv) chitosan films varied slightly in 

method from that described above depending on the concentration of chitosan. For the 



0.5% solution, the solution was stirred at 30% of the maximum stirring-speed for 3.0 

hours. The 1.5% and 3.0% solutions were stirred at 70% of the maximum stirring-speed 

for 6 and 16 hours respectively. The increase in stirring speed and mixing time with 

increasing chitosan concentration was a result of a dramatic increase in solution viscosity, 

requiring longer times for the chitosan'to become completely dissolved in the solution. 

Because the 0.5% chitosgn solution contains a small amount of the polysaccharide, the 

solutions had very low viscosities and the resulting films were very thin and fragile. It 

was necessary to cast this chitosan concentration onto smaller areas, because the 0.5% 

concentration films showed difficulty during detachment. The 0.5% films were 

detachable when one of the lengthlwidth dimensions was less than 6 inches, so typical 

film dimensions were 5 x 11 inches (60.5 in2). To reduce the dimensions of the film, an 

additional piece of 1 -inch clear tape was placed in the center of the glass plate, separating 

it into two equal halves of just less than 6 x 12 inches. During detachment, the short edge 

of the 0.5% film was separated from the glass with a razor blade, and peeled away along 

the length of the film. The 1.5% and 3.0% films could be cast and easily detached from 

121 in2 areas. 

Another method for casting 1.5% and 3.0% chitosan films was also employed 

using a RK Print Coat Instruments, Herts SG8 OQZ U.K. drawdotvn coater. The glass 

support attached to tinfoil was placed on the coater, and the smoothest rod (model #1) 

was placed in the apparatus. The rod was raised to a height of 2 mm above the glass 

support on the drawdown coater, and 200 ml of chitosan solution was placed on the glass 

support, just in fiont of the bar. The 3.0% chitosan solutions were spread at an 

approximate rate of 3 incheslsecond, and the 1.5% chitosan solutions were spread at an 



approximate rate of 2 incheslsecond. The film was then placed on a level surface, and 

subsequently dried and treated as previously outlined for the above film-casting 

technique. 

To create a chitosan film with grooved surfaces, chitosan was cast onto a grooved 

Lexan support. This support was madb by machining grooves with a Bridgeport J-series 

variable speed drilling machine into an 8 x 8 x !h inch sheet of Lexan using a cutting tool 

with an approximate tip diameter of 1.0 x inches. Grooves were spaced every 0.01 

inch at a depth of 0.001 inches and cut at a rate of 20 inches per minute and RPM of 

3000. The Lexan support was then cleaned with 70% ethanol solution. Finally, 200 ml 

of 3.0% chitosan solutions were cast onto the support and subsequently detached. The 

lower viscosity 0.5% and 1.5% chitosan solutions were not detachable from this support. 

All films used in cell culture experiments were sterilized for 1 hour in a UV-IR oven. 

The UV bulbs are GE model RSM operating at 275 Watts and 110-120 volts, and emit 

light at 296 nm. The IR bulbs are GE model AJ IR reflectors, and are standard tungsten 

filament bulbs with a thin IR coating, emitting light over a broad spectrum at 250 Watts 

and 120 volts. Samples were placed in sterile, disposable 15 x 100 mm polystyrene petri 

dishes, and placed in the oven at 14.5 inches below the lamps. Films were characterized 

with no UV-IR treatment. as well as with UV-IR treatments of up to 24 hours. 

The viscosities of the chitosan solutions were measured with a Bohlin CVO 

Rheometer. All chitosan solutions were measured over a shear range of 0.005 to 270 s-'. 

The viscosity of the 0.5% chitosan solutions was measured using a double gap geometry. 

This geometry is used for fluids with very low viscosities. The viscosities of the 1.5% 

and 3.0% chitosan solutions were measured with a cone-and-plate geometry, which can 



be applied to fluids with higher viscosities. The cone had a 4 degree angle and a 4 cm 

diameter. The intrinsic viscosity is reported as the viscosity of the respective chitosan 

solution over the Newtonian shear range. A cross section of the Bohlin CVO Rheometer 

is depicted in Figure 5. 

I 

Figure 5. Schematic of different Bohlin CVO geometries used for viscosity testing 
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3.2.2. Film Tensile Properties 

Specific physical properties were determined to characterize the chitosan films 

and to confirm reproducibility of the film-formation technique. These properties include 

the film thickness, Young's modulus of elasticity, yield stress and strain to failure. A 

method for testing the tensile properties of the films was adopted according to ASTM 

standards for testing the tensile properties of paper and paperboard using a constant-rate- 

of-elongation apparatus 2. The instrument used to test these properties was an Instron 

Series 5500 tester. Film thickness measurements were obtained with a Mitutoyo digital 

micrometer with 1 pm accuracy (No. 293-705 7 126095). Similar results for film 

thickness were also measured with a Starrett 0-1 inch micrometer (model no. 230), with a 

12.7 pm accuracy. 

Chitosan films were cut into strips of 25.4 mm x 254 mm and placed in the &&ps 

of the Instron tester so that distance between the grip clamping zones was 180 mm. ,4n 

elongation rate of 7 mmlnin for 0.5% and 1.5% films and 10 mmlmin for 3.0% films 

resulted in specimen rupture 10-30 seconds following the initiation of the elongation 

force. An average of at least 9 tests per sample were used to determine the Young's 

modulus of elasticity, the yield stress and the strain to failure. All films were tested dry 

at room temperature. 

3.2.3. Surface Roughness of Films 

The surface roughness of a substrate used for tissue culture can greatly affect the 

attachment, adhesion and orientation of cells 13'. Cells cultured on rough surfaces exhibit 

different behavior than those cultured on smooth surfaces 19'. In addition, the roughness 



can affect cell growth and function '06. Therefore, it is very important to characterize the 

roughness of the chitosan films used for cell culture experiments. 

Substrate average roughness was measured with a Tencor Instruments profilomter 

(Alpha 200), nith a diamond-tipped stylus. Samples were mounted onto a glass slide 

with double-sided tape. hlinimum sarhple dimensions Lvere 25.4 mm x 25.4 mm. 

Samples were scanned by dragging the stylus along a 2000 pm line over the substrate at 

various points. The Tencor Alpha 200 uses internal software to calculate the average 

vertical variation in the substrate over the range of the scan. An average of at least 10 

scans was obtained and used as the value for the average roughness (Ra). Scans were 

performed on both sides of the films. All concentrations of chitosan films cast on a glass 

support were tested for Ra. In addition, the 3.0%, grooved chitosan films that were cast 

on the Lexan support were also tested for Ra. 

3.2.4. Surface Free Energy Estimation by Contact Angle Measurement 

The SFE is an important property of a cell culture substrate. Another important 

property of a cell culture substrate, directly related to its SFE is the water-in-air (WIA) 

contact angle. The SFE of a substrate has been shown to be related to the function of 

tissue cultured on the substrate, including attachment, spreading and growth '". A 

substrate's SFE can be calculated by measuring contact angles of various fluids with 

different known surface tension characteristics and a generalized version of the Young- 

Dupre equation for the surface free energy components of a liquid on a solid. 

Fluids utilized for SFE measurements were glycerol, ethylene glycol and distilled 

water. Molecular biology grade glycerol (Lot # 99H0099) was obtained from Sigma 

Chemical (St. Louis, MO) and analytical grade ethylene glycol (EG; Lot # 5001 T05753) 



was obtained from VWR Scientific (West Chester, PA). Images were captured onto a 

standard 120 minute VHS tape with a Panasonic CCTV video camera (model no. WV- 

BD400) with a 2X adaptor fitted with a zoom lens (D.O. Industries model ZOOM 6000 

11), connected to a Panasonic video monitor (model no. WV-5740), a video timer (FOR-A 

Video Timer, model no. VTG-55) and 'a Panasonic VHS 6'CR (model no. PV-S4 167). 

The contact angle of fluids on a solid support is directly related to the overall 

surface free energy of the film 64. The contact angles of distilled water, ethylene glycol, 

and glycerol were measured on chitosan films and polystyrene controls according to the 

following procedure. A diagram of the experimental set up used to capture contact angle 

images is shown in Figure 6. Chitosan films were mounted onto a glass slide with double 

sticky-sided tape. 1.0 p1 drops were placed onto films and substrates with a 1 p1 

Hamilton syringe accurate to 0.02 p1 (model 7001). Images were captured onto a VHS 

tape at 60-135X magnification. LVater and ethylene glycol contact angles cvere captured 

at 15 seconds after contact with substrate, which was the time required for the drop to 

stop spreading. Glycerol contact angles were captured at equilibrium 30 seconds after 

contact with the substrate. Fluid drops of 5 p1 were also placed onto the sample with a 

Hamilton 10 p1 syringe with an accuracy of 0.2 p1 (model no. 1701) and captured 

according to the above protocol. These images were used to test the influence on fluid 

volume on contact angle. It was found that contact angles were equal for volumes of 1 

and 5 111. No significant adsorption of fluids by the chitosan films was observed, as 

evidenced by no visual change in drop shape or size over the time span of the 

experiments. The contact angle of all fluids was captured for chitosan films without UV- 

IR sterilization, as well as for films sterilized for 1, 12 and 24 hours respectively. 



Figure 6. Experimental set up for contact angle measurement 
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The contact angles were measured for both the left and right sides of the drop. and 

averaged. The average contact angle of a substrate reported is the average of a minimum 

of five different drop images on a substrate. Contact angles measured on either side of 

the film displayed similar results. The contact angle is experimentally measured as 8 in 

Figure 7, and related to the solid and liquid surface free energies by the Young equation 

64 

Equation 1. Young equation 

cos 0 = Y w - Y.4 

Y I , ~  
- ysv = the SFE of the solid in equilibrium with the saturated vapor of the liquid 
- ylv = the surface tension of the liquid in equilibrium with the solid 
- ysl = the solid-liquid interfacial free energy 



Figure 7. Contact angle measurement 

The parameters of the surface free energy of the substrate were obtained by 

- - 
rearranging the Young equation. The Fox-Zisman '? principle, states that there exists a 

critical liquid surface tension yc (or for a solid s. such that for any liquid with yl < ;I,, 0 

= 0. Good and Van Oss 6J apply this conclusion to the spreading of polar liquids on polar 

solids. The Young-Dupre equation, combined with Equations 3-5, yield Equation 6, a 

generalized equation for surface interaction of a solid and a liquid. 

Equation 2. Young-Dupre equation 

AG:; = -y, (1 + cos 0) 

- ilGaS1 = free energy of adhesion between a solid s and liquid 1 
- yl = surface free energy of liquid phase in contact with its own vapor 

Equation 3. Free energy of adhesion for the interface of two condensed phases 

AGP, = AG;"'" + A G ~ " ~  
- AG3,, = free energy of adhesion between a solid s and liquid 1 

~ ~ 3 I - w  ,I - - Lifshitz-van der Wads components of free energy of adhesion 

between a solid s and liquid 1 
AGz4'4B - ,I - Acid-Base free energy of adhesion between a solid s and liquid 1 



Equation 4. Lifshitz-van der Waals components of free energy per unit area 

- ysLW = Lifshitz-van der Waals components of surface interaction for solid 
- ylLW = Lifshitz-van der Waals components of surface interaction for liquid 

Equation 5. Lewis acid and base components applied to the surface free energy of 
adhesion I 

- y: = Lewis acid component of surface interaction of liquid 
- yl- = Lewis base component of surface interaction of liquid 
- y,' = Lewis acid component of surface interaction of solid 
- y,- = Lewis base component of surface interaction of solid 

Equation 6. Generalized Young-Dupre equation for SFE components of a liquid on 
a solid 

All of the surface tension parameters for distilled water, ethylene glycol and glycerol 

have been characterized by Good and van Oss 64 and are included in Appendix C. The 

three liquids provide three equations with which the unknown surface interaction 

parameters for the chitosan films can be determined. Mathcad 200 1 Professional 

software was used to solve the system of three equations for the chitosan film parameters. 

The overall surface free energy of a solid (y,) is the combination of the Lifshitz- 

van der Waals component and the Lecvis acidibase components of surface interaction and 

is shown in Equation 7 64. 

Equation 7. Surface free energy of a solid 



3.2.5. Degree of Deacetylation 

The DDA is an important characteristic of chitosan. The DDA is a measure of the 

percentage of deacetylated m i n e  groups on a polysaccharide. The behavior of chitosan 

is partially dependent on the DDX, and it influences the overall charge density of 

chitosan solutions, tilms, and 3-D matrixes. The DDA also defines the difference 

between chitin and chitosan, with chitosan generally having a DDA greater than 50% '77. 

FTIR spectrometers record the interaction of IR radiation with a sample, measuring 

the frequencies at which the sample absorbs the radiation and the intensities of the 

absorptions. Determining these frequencies allows identification of the sample's 

chemical make-up, since chemical functional groups are known to absorb radiation at 

specific frequencies. The intensity of the absorption is related to the concentration of the 

component. Intensity and frequency of sample absorption are depicted in a two- 

dimensional plot called a spectrum. Intensity is generally reported in terms of absorbance, 

the amount of light adsorbed by a sample, or percent transmittance, the amount of light 

that passes through it. Frequency is usually reported in terms of wavenumbers. Samuels 

19' indicated that the DDA of chitosan samples did not significantly influence changes in 

the FTIR spectrum of chitosan films. Conversely. the DDA does effect the relative 

intensity of adsorption bands for specific chemical groups present such as primary and 

secondary amides. 

Three samples of Chitoclear chitosan with varying degrees of deacetylation were 

generously donated by Bjarte Langhelle of Primex Ingredients ASA (Norway). The 

samples had DDA's of 98.4% (batch no; TM 793), 97.6% (batch no: TD 012) and 96.1% 

(batch no: TM 761) and were characterized by a titration method, in house by Primex 



Ingredients ASA. All samples were made from fresh shrimp shells. High molecular 

weight chitosan (Lot # 0491 9KU) was obtained from Aldrich Chemical Company (St. 

Louis, MO). The Aldrich chitosan has an approximate molecular weight of 600,000 

glmol, has an 85% minimum degree of dsacetylation, and is in the foml of white to tan 

powder and flakes, prepared from cra6 shells. The DDA of the Aldrich chitosan was 

determined from the calibration curve obtained with the ChitoClear samples. 

The DDA of the chitosan used for film formation was characterized using FTIR. 

Chitosan films, cast according to previous methods, were cut into 15 x 15 mm pieces and 

loaded into a sample container. The testing equipment was a BOMEM MB Series FTIR 

machine. This machine utilized the BOMEM Grams132 software for data analysis. Each 

test utilized 100 scans of the sample. Three ChitoClear chitosan samples (Primex 

Ingredients, ASX) nith knotvn DDA's were used to establish a calibration curve of 

absorbance versus degree of deacetylation. The % DDA of the Aldrich chitosan sample 

is estimated based on this curve. 

Three methods were employed to estimate the DDA of the Aldrich, high 

molecular weigh chitosan. Method #1 Lvas based on a technique described by Muzzarelli 

157 , and utilizes the ratio of the secondary amide stretch assigned at1540 cm-' to the 

double-band C-H stretch assigned at 2880 cm" to create a calibration curve. Samuels 

assigned the adsorption band at 1540 cm-' to the secondary amide 19'. The area of 

absorbance of the C-H stretch was determined by drawing a baseline from 2990-2785 

cm" and the area of the secondary amide stretch was similarly estimated between 1740- 

1490 cm-I. The % DDA of the Aldrich chitosan sample was then estimated using the 

linear fitted equation of the calibration curve. 



Method #2 is the base-line method described by Moore and Roberts 146. This 

method uses equation X to estimate the %DDA of chitosan samples. 

Equation 8. Base-line method for the determination of degree of deacetylation of 
chitosan 

- = maximum value of the absorbance peak at 1655 cm-' assigned to the 
secondary amide stretch, representing the acetylated amines on chitosan 

- = maximum value of the absorbance peak at 3340 cm-' assigned to the 
primary m i n e  stretch, representing the deacetylated m i n e  groups on chitosan 

Method #3 is a modified method of the base-line technique. The ratio of the 

maximum absorbance peaks of the A3340:A16jS bands were plotted versus wavenumber to 

establish a calibration curve with the characterized chitosan samples. The % DDA of the 

Aldrich chitosan sample was then estimated using the linear fitted equation of the 

calibration curve. 

3.3. Results and Discussion 

3.3.1. Two-Dimensional Film Formation 

The results of the characterization of physical and chemical properties of 2-D 

chitosan films are presented in the subsequent sections of this chapter. Viscosity appears 

to increase exponentially kvith increasing chitosan concentration. A common method for 

the determination of a polymers molecular weight is with the Mark-Houwink equation. 

Equation 9. Mark Houwink equation 

Lq] = K,,, x M" 

- K, = viscometric constant 
- M = molecular weight 
- A = viscometric constant 



The viscometric constants are independent of the relative molecular mass over a wide 

range, but depend on the solvent, temperature, chemical structure of the polymer. When 

considering a polyelectrolyte such as chitosan, these constants also depend on the amount 

of chitosan present I 3 O .  Thus, since the samples all had approximately equal molecular 

weights, we expect to see an exponenkal relationship between solution viscosity and 

concentration. The solution viscosity was an important characteristic, which related to 

the ease by which films were cast and subsequently detached from supports. The 

chitosan solution viscosities are presented in Figure 8. The 1.5% and 3.0% chitosan 

solutions with high viscosities were easily detached from supports, whereas the 0.5% 

chitosan solution resulted in a very delicate film, which was more difficult to completely 

detach from supports. Figure 8 represents a minimum of 4 viscosity tests for each 

sample. 

Figure 8. 
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Chitosan films from 0.5% to 3.0% (wlv) were successfully cast onto glass supports to 

form thin, flexible, and transparent films. All films were mixed into a 1.5% (vlv) acetic 

acid solvent. The maximum concentration of chitosan dissolvable in a 1.5% solvent was 

approximately 3.0% (wk ) .  The 3.0% chitosan mixture \\;as very viscous and more 

difficult to manipulate than the lolver concentrations. The higher concentration chitosan 

films were stronger and easier to handle than the fragile 0.5% chitosan film, as indicated 

by the ease of detachment of the film from the support. Because of the thicker and 

stronger films at higher concentrations, the 3.0% chitosan films cast onto groove Lexan 

were the only films successfully detached intact from the grooved support. 

3.3.2. Film Tensile Properties 

The tensile properties of the chitosan films give an understanding to the 

mechanical properties of the films. as well as a measure of the reproducibility of the film- 

formation technique. The results of the tensile properties and standard errors of the 

varying concentration chitosan films are summarized in Table 1. Each result represents 

the average of two samples, each with a minimum of 10 measurments. 

The thickness of the chitosan films increases with increasing concentration. This is to be 

expected, as films were cast with equal solution volumes over equal areas. Therefore, the 

amount of chitosan in each film increases with increasing concentration. Also, the 

thickness of the 0.5% and 3.0% chitosan films agreed with very low variability between 

samples as indicated by the standard error which is less than 5% of the mean for the 0.5% 

films and less than 2% of the mean for the 3.0% films. The 1 Soh films varied slightly 

more in thickness than the other concentration chitosan films, with the standard error at 

about 15% of the average thickness. It is unclear why the 1.5% film displayed a higher 



variability in thickness. One possible reason for the variability in the thickness of the 

1.5% chitosan films may be because these films were produced earlier in the project, and 

the protocol was not as refined as for later film production. Also, the glass support on 

which the films lvere cast might not have been completely leveled, resulting in an uneven 

film. These results confirm that the 0.5% and 3.0% chitosan films were cast in a manner, 

that resulted in a reproducible film thickness. 

Table 1. Summary of tensile properties of chitosan films 

Tensile Property 

Thickness [mm] 

0.5% (wlv) Chitosan 
Film 

0.0 12 * 0.0005 

5220 * 160 
I 

Strain to Failure 
[mm/mm] 

Yield Stress [hlpa] 

3.0% (wlv) Chitosar 
Film 

1.5% (wlv) Chitosan 
Film 

0.02 * 0.003 1 

Young's Modulus of 
Elasticity [Mpa] 

Elongation [%I 

Yield stress and strain to failure also increase with increasing chitosan 

4240 * 80 

0.01 1 * 0.001 

39.8 + 0.3 

concentration. The standard error for the yield stress of the 1.5% chitosan film is very 

0.020 * 0.002 

56.5 * 5.9 

1.74 * 0.03 

high. This implies that there were large variations in the physical properties of this film. 

The variation in the film thickness may be one of the causes for this variation. Also, 

some of the 1.5% film specimens broke near the grips of the Instron tester. The tension 

tests should only be considered valid if the sample breaks towards its center. The 

standard error for the yield stress of both the 0.5% and 3.0% chitosan films is acceptable 

and below 2%. The standard error of the strain to failure measurements is below 10% for 

1.59 * 0.02 



all chitosan concentrations. This indicates that the 1.5% chitosan films were quite 

different in terms of their tensile properties with respect films of higher or lower 

concentration. 

The Young's modulus of elasticity of the 0.5% and 3.0% chitosan samples are 

very similar. The standard error in these measurements is below 3% of the mean value, 

which is an acceptable value. The Young's modulus of elasticity of the 1.5% chitosan 

films is indicated to be much higher than that of the 0.5% and 3.0% films. This hrther 

indicates that there was significant variance in the properties of the 1.5% chitosan 

samples. These data do not agree with that of Kienzle-Sterzer and otherslo6, who 

indicated that the Young's modulus of elasticity should increase with increasing chitosan 

concentration. However, the preparation and testing procedures of Kienzle-Sterzer 

differed somewhat from those utilized here. First, chitosan films were dried at a higher 

temperature. Second, tension experiments were performed on chitosan samples that were 

immersed in deionized water at room temperature. Therefore, the results presented here 

are not directly comparable to those published by Kienzle-Sterzer. Conversely, Mima 

and coworkers14* characterized both the wet and dry tensile properties of chitosan films. 

They found an increase in wet tensile strength with increasing N-acetylation and no 

correlation in dry tensile strength and iV-acetylation. Although this study did not consider 

the relation to chitosan concentration, there was still no observable trend in the dry tensile 

strength with various degrees of N-acetylation, partially confirnling our observations. 

Finally, disregarding the 1.5% film due to the high variability in other tensile 

properties, the percent elongation of the chitosan films increases from 0.5% to 3.0%. 

This might be explained by the greater thickness of the 3.0% chitosan films compared to 



the 0.5% films. These results illustrate that the 0.5% and 3.0% chitosan films were 

formed with reproducible tensile properties. The 1.5% film exhibited high variability in 

most of the tensile parameters investigated. 

3.3.3. Surface Roughness of Films 

The roughness of the chitosan films cast on the glass support are summarized in 

Figure 9. The films cast on the glass support have similar values of roughness regardless 

of chitosan concentration. The Ra of the 0.5% and 1.5% films are about 250 nm, with 

very low variation between samples. This low error is indicative of good reproducibility 

of Ra between samples of equal concentrations, as well as reproducibility in film- 

formation technique. 

Figure 9. Roughness of chitosan films versus chitosan concentration 
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The Ra of the 3.0% film is slightly lower than that of the lower concentration films, at 

220 nm. The roughness values of all concentration films increased approximately 200 

nm due to the testing procedure with double-sided tape. The films were not easily tested 

when not securely attached to a substrate such as tape, but the few films tested which 

were directly attached to a completely smooth surface exhibited Ra values on the order of 

10-40 nm. Because to the thicker nature of the 3.0% films, the effect of the tape may not 

be as pronounced as on lower concentration films. However, the increase in Ra appears 

relatively constant for all film concentrations. The error in the roughness of the 3.0% 

films is also much greater than that for the lower concentration films, although still 

acceptable at less than 6% of the mean roughness for this film. The higher error in this 

value is most likely because the higher concentration chitosan film contained more 

entrapped air than the lo~ver concentration films. When air was removed from the 

solution under a vacuum before casting, the casting process introduced air into the 3.0% 

solution. A larger vacuum container might be employed to remove any entrapped air 

from samples after casting onto the glass support. The polystyrene controls were 

completely smooth, as indicated by Ra values of 0. 

The Ra of all of the chitosan films cast onto glass supports is much lower than the 

dimensions shown to affect cellular function (1 - 10 pm), as discussed in Chapter 2. 

Therefore, the Ra of these films was assumed to have little or no effect on cell culture 

experiments and the films were considered smooth. The smooth support also afforded an 

easy detachment of cast films from the support. 

Of the three film concentrations studied, only the high-viscosity 3.0% (wlv) chitosan 

films were successfully detached from the Lexan support with machined grooves. 



Horizontal grooves were spaced approximately every 250 pm. The film side in contact 

with the lexan had an average Ra of 1 1.8 i 0.4 pm, with vertical grooves averaging 40 

2.2 pm . The film exposed to air had a smoother average Ra of 3.1 i 0.4 pm with 

vertical grooves averaging 7.5 k 0.3 pm. The lower limit on horizontal groove spacing 

dimensions using the machining method described in section 3.2.1 was 250 pm. Using a 

more precise cutting tool and a support material with better machinablility can further 

reduce this dimensional spacing. The vertical groove dimensions are on the scale of 

those suspected to influence cellular processes of attachment, spreading and growth. The 

Lexan is a poor polymer to use for this application. It was utilized for its availability and 

as a test material to determine the magnitude of grooves machinable into a support. 

Lexan cannot be autoclaved for sterilization. Also, the cutting tool chipped the Lexan 

during machining, resulting a rougher surface with higher variability. The cutting debris 

remained attached to the Lexan in many places, and inhibited the detachment of 0.5% and 

1.5% chitosan films. It appeared that the films were retaining some of these debris after 

detachment. The lower concentration films were constantly tearing, and remained 

attached to the Lexan. A metal such as aluminum or stainless steel has better 

machinability. and may result in a support with little to no debris attached remaining after 

machining. It is important that the microscopic properties of the support are smooth to 

aid in the detachment of the film from the substrate. 

3.3.4. Surface Free Energy Estimation by Contact Angle Measurement 

Images of contact angles for each liquid used to estimate the SFE of substrates on 

a 0.5% chitosan film are depicted in Figure 10. The WIA contact angles on all substrates 

and films were lowest for ethylene glycol, and highest for water. The numbers present in 



the upper left hand comer of each image represent the elapsed time in seconds that the 

drops have been in contact with the chitosan film. 

Figure 10. Contact angles of various fluids on 0.5% chitosan film 

Summaries for WIA contact angles and surface free energies of chitosan films 

before W - I R  sterilization and polystyrene controls are depicted in Table 2. Each data 

point is the average of four tests on two films cast at different times, with each test 

representing a minimum of 5 contact angle measurements at various points on the 

substrate. 

The polystyrene controls have moderate wettabilities, as illustrated by the WIA 

contact angles of 75.6 and 73.2 degrees for the tissue-culture-grade polystyrene and 

untreated polystyrene, respectively. These values agree with the data of previous studies 

211 197 . These studies indicated that cell culture substrates with WIA contact angles 



between 60 and 90 degrees displayed improved cell adhesion compared to substrates with 

other WIA contact angles. Furthermore, all of the chitosan films also have WIA contact 

angles in this optimum range. This indicates that our chitosan films should support cell 

attachment. Each result is the average of two tests, with 20 test points per test. 

i 

Table 2. Summary of WIA contact angle and SFE of substrates 

Sample 

l~ntreated polystyrene petri dish I 73.2 0.3 I 48A * 0a9 I 
I Treated polystyrene multiwell tissue- I 75.6 * 0.4 
culture dish 

Water-in-Air Contact 
Angle (Degrees) 

37.4 * 1.7 I 
Surface Energy y, 

(mJ m") 

0.5% (wlv) chitosan in 1.5% (vlv) acetic I 73.2 * 2.7 
acid (No UV-IR treatment) 

Studies have also shown that cell dl ture substrates with SFEs greater than 55 

2 211 mJ/m2 will support better fibroblast spreading than those with SFEs below 30 (mJIm ) 

'97. The SFE of the chitosan films and polystyrene controls are in a range shown to 

support fibroblast attachment by Tamada and 1kada214 and ~ a l t z m a n ' ~ ~  indicating that 

these substrates should support fibroblast spreading to a lesser extent than substrates with 

SFEYs greater than 55  mJ/m2. All concentration chitosan films have WIA and SFE values 

211 197 in a range shown to promote fibroblast attachment and spreading . The WIA contact 

angle of chitosan films indicates these films should support fibroblast attachment to a 

similar extent as the polystyene controls. The SFE data indicates that the fibroblasts 

should spread to a lesser extent than polystyrene controls. Interestingly, the SFE of the 

41.5 * 4.2 I 
1.5% (wlv) chitosan in 1.5% (vlv) acetic 
acid (No UV-IR treatment) 

3.0°h (wlv) chitosan in 1.5% (vlv) acetic 
acid (No UV-IR treatment) 

80.3 * 5.2 

76.0 * 1.8 

36.4 * 11.2 

36.5 * 4.7 



tissue-culture grade polystyrene is lower than that of the untreated polystyrene and the 

0.5% chitosan film. The untreated polystyrene dish has the highest SFE at 48.4 mJ/m2. 

This suggests that the untreated polystyrene may exhibit better cell spreading than the 

tissue-culture grade polystyrene. 

The untreated chitosan films ( io UV-IR sterilization) all had SFEs between 36 

and 42 mJ/m2. The errors in Table 2 represent the 95% confidence intervals for the data 

points. The 1.5% chitosan film has the highest error with respect to the average SFE and 

WIA contact angle values, which suggests that there was a higher variation in the surface 

properties of the 1.5% chitosan films cast at different times. Conversely, the error 

associated with the polystyrene controls and the 0.5% and 3.0% chitosan films is 

acceptably low. These results indicate that the 0.5% and 3.0% films were cast in a 

reproducible manner with similar properties. 

The overall SFE of the chitosan films appears to be affected by the length of time for 

which the films were subjected to UV-IR sterilization, as indicated by Figure 11. This 

may be due to crosslinking induced by the UV radiation, or possibly a change in the 

degree of deacetylation of the chitosan films. All three concentrations of films exhibit 

similar trends during 24 hours of exposure to the UV-IR lamps. Each data point for all 

SFEIUV-IR plots represents the average of a minimum of 4 tests on two samples. 



Figure 11. Surface free energy versus W - I R  sterilization for all chitosan films 
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Figure 12. Surface free energy versus UV-IR sterilization for 0.5% chitosan films 



The 0.5% film SFE versus W - I R  sterilization times is depicted in Figure 12 The 

error bars on Figure 12 represent the the 95% confidence intervals for the mean values. 

There is a very slight increasing trend in the SFE over time as indicated by the linear fit 

in Figure 12. However, because of the confidence in the mean values of Figure 12, the 

effect of UV-IR sterilization on this film is considered negligible. Thus, the treatment of 

the 0.5% chitosan films with UV-IR doesn't appear to effect the overall SFE of the 

substrate. The estimation of SFE of the 0.5% chitosan films had a larger variability in 

average value than the 1.5% and 3.0% films and will be discussed shortly. 

The SFE of the 1.5% chitosan film with W - I R  sterilization is depicted in Figure 

13. The error bars represent the 95% confidence interval for each sample time. There is 

a clear increase in overall SFE over time for the 1.5% chitosan film. This may be due to 

crosslinking of the films by the UV radiation. Also, the sterilization process may be 

changing the DDA of the chitosan films. The increase in SFE with sterilization is 

indicated by the line fit in Figure 13. The confidence in the untreated SFE data point is 

lower than other data points, and may be increased with further testing. 



Figure 13. Surface free energy versus UV-IR sterilization for 1.5% chitosan film 
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The average SFE of the 3.0% chitosan film with UV-IR sterilization and 95% 

confidence is depicted in Figure 13. Similar to the 1.5% film, there is a clear increase in 

overall SFE over time for the 3.0% chitosan film. The line fit in Figure 14 indicates the 

increase in SFE with sterilization. This increase may be due to crosslinking of the films 

by the UV radiation, or a change in the DDA of the chitosan films. Further testing on the 

zero and one hour time points should further reduce the error associated with these 

results. 



Figure 14. Surface free energy versus W - I R  sterilization for 3.0% chitosan film 
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3.3.5. Degree of Deacetyaltion 

The DDA of the Aldrich, high molecular weight chitosan was determined using 

FTIR spectroscopy. The absorption spectrum of a 0.5% chitosan film from 4000 to 600 

cm-' is depicted in Figure 15. The complete FTIR spectrum of the 0.5% chitosan film in 

Figure 15 shows characteristic adsorption bands and their respective frequency. This 

FTIR spectrum closely resembles that given by Pouchert for 99% N-acetyl-D- 

glucosamine 



Figure 15. Complete FTIR spectrum of 0.5% chitosan film 

0.5% Chitoclear Chitosan, 97.6% DDA 
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The FTIR adsorption bands used to establish the calibration curve for Method #1 

are depicted in Figure 16. The C-H stretch at 2880 cm" and the amide I1 stretch at 1540 

cm-I are depicted. A noticeable difference in the size and shape of these peaks can be 

observed, especially with the arnide stretch at 1540 cm-I. 

blethod #2 utilizes the baseline technique used by Moore and Roberts 14', which 

gave very low estimates for the DDA of the known samples characterized by 

conductimetric titration by Primex Ingredients, ASA. Method #2 does not require the 

establishment of a calibration curve like methods $1 and #3, rather, it uses an intrinsic 

formula to estimate the DDA of a sample. This method gave a low estimate for the DDA 

of the 96.1% DDA sample to be 72.3%. Similarly, the 97.6% and 98.4% DDA samples 



were estimated to be 77.0% and 8 1.1% respectively. Finally, the Aldrich chitosan, with a 

minimum DDA of 85% was estimated to have a DDA of 72.5% by this method. This 

may be due to the intrinsic constant in the formula utilized in this method. This.constant 

may reflect chitosans prepared by a different method than the ones used in this project. 

Therefore, this technique was not considered accurate for the estimation of the Aldrich 

chitosan's DDA. 

Figure 16. Partial FTIR spectrum. C-H and amide I1 stretches. 
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The calibration curves, established using methods # 1  and #3 are depicted in 

Figure 17. The calibration curve established with method #3, using a modified base-line 

technique, gave a better linear correlation than the calibration curve established by 

Method #1, as indicated by the R' value in Figure 17. Therefore, the calibration curve 

for method #3 was used to estimate the % DDA of the Aldrich chitosan sample. Method 



#3 closely estimates the known 96.1%, 97.6% and 98.4% DDA chitosan samples to be 

96.3%, 97.3% and 98.5% respectively. 

Figure 17. Calibration curves for % DDA using FTIR 
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According to method #3, Aldrich chitosan is 96.3% deacetylated. This seems to be a 

reasonable value for the DDA of this sample, and it agrees with the in-house Aldrich 

testing which reports the DDA to be at least 85% as well as the determination of 

Chitoclear chitosan samples by Primex Ingredients, ASA. Also, the IR spectra depicted 

in Figure 16 are very similar for the Aldrich sample and the 96.1 % DDA sample. 

3.4. Conclusions 

3.4.1. Two-Dimensional Film Formation 

The method described for the formation of chitosan films of varying concentration is 

a simple and effective technique for developing 2-D chitosan films. The viscosity of the 



chitosan solution increases exponentially with increasing chitosan concentration, as 

expected for a polyelectrolyte according to Equation 9. When casting a film onto a rough 

surface, a higher concentration chitosan solution gives a thicker film. A thicker films was 

required for the successful detaclment of the intact film from the grooved surface. The 

Lexan was a poor support for casting films. Debris attached to the Lexan surface were 

taken up by chitosan films during detachment or inhibited the detachment of films by 

remaining attached to the Lexan surface. Although the chitosan films were desired to be 

pure, their characteristic of curing around support debris and subsequently retaining these 

debris may be employed to incorporate desired substances, such as attachment proteins 

into films, by casting films onto supports containing these attachment proteins. There is 

no visually observable change in chitosan films subjected to sterilization by UV-IR 

treatment. 

3.42. Film Tensile Properties 

The 0.5% and 3.0% chitosan films were cast with reproducible tensile properties 

as indicated by the low standard errors of the mean values in Table 1. The 1.5% chitosan 

film had very high standard errors for most of the film properties, and was not considered 

for observation of trends in tensile properties with varying chitosan concentration. One 

possible reason for the variability in the thickness of the 1.5% chitosan films may be 

because these films were produced earlier in the project, and the protocol was not as 

refined as for later film production. Also, the glass support on which the films were cast 

might not have been completely leveled, resulting in an uneven film. The dry-tested 

Young's modulus of elasticity of chitosan films does not show an increase with 

increasing chitosan concentration as previous researchers have suggested with wet films. 



Another study partially confirnls our observation of no trend in Young's modulus of 

elasticity with the dry tensile strength through testing of the degree of polymer N- 

acetylation and dry tensile strength 14' .  Because of the variable tensile properties of the 

1.5% chitosan films, a trend still might exist between chitosan concentration and the dry- 

tested Young's modulus of elasticity. ?he rvet tensile properties of the films should also 

be investigated. 

3.4.3. Surface Roughness of Films 

The chitosan films cast on the glass support all displayed similar average roughness 

values. The Ra values were greater when mounted on tape for testing compared to when 

tested on a completely smooth surface. These Ra values were approximately one order of 

magnitude lower than texture dimensions shown to affect attachment, orientation and 

spreading. All concentration films were considered to be smooth. The solution 

concentration doesn't appear to affect the surface roughness of films cast on glass 

supports. The 3.0% chitosan films cast on lexan had parallel groove dimensions similar 

to those machined into the support for casting. These dimensions were on the pm scale 

suspected to influence cellular behavior. The average Ra values were very similar for 

equal concentration films with very low standard error in mean value, indicating that the 

films were cast in a reproducible manner. 

3.4.4. Surface Free Energy Estimation by Contact Angle Measurement 

The WIA contact angles of the three concentration chitosan films are in the reported 

optimum range of 60-90 degrees to support maximum cell adhesion2''. All concentration 

chitosan films as well as polystyrene controls should support cell attachment and 



adhesion based on the reported WIA contact angles. The estimated SFE of the untreated 

chitosan films is in a range shown to promote fibroblast spreading203. Thus, all of these 

substrates should support the adhesion and spreading of 3T3 fibroblasts. 

Exposing the 1.5% and 3.0% chitosan films to UV-IR radiation for varying times 

can change the increase SFE of the films. This may be due to crosslinking of the chitosan 

films due from the UV radiation. Also, the sterilization process may be changing the 

degree of deacetylation of the chitosan films, which may result in an increase in the 

overall film SFE. These results suggest the possibility for optimizing cell spreading and 

growth of 3T3 fibroblasts on these chitosan films by changing the increasing SFE. 

Fibroblast spreading is greatest on substrates with surface energies greater than 55 

2 203 (mJ/m ) . Further study of this behavior with SFE and UV-IR sterilization should 

include more time points between 0 and 12 hours of UV-IR treatment, as well as longer 

sterilization times. Experiments should be performed on films exposed to UV-IR 

radiation for times longer than 24 hours to determine whether the SFE of the chitosan 

films will continue to increase or approach an asymptotic value. Also, the effects of the 

UV and IR radiation should be studied separately. The treatment of films with IR 

radiation is not expected to significantly effect the films, because it is a low energy 

treatment. 

3.45. Degree of Deacetylation 

The degree of deacetylation for chitosan was characterized with FTIR measurements. 

The DDA of the Aldrich chitosan was best characterized using a modified baseline 

technique that was modeled after that outlined by Gupta and ~ u m a r ' ~ .  This technique 

gives accurate estimations of the DDA of chitosan samples. The DDA of chitosan 



samples sterilized with UV-IR should be estimated with this technique to determine 

whether the sterilization process is affecting the DDA of the films. 



Chapter 4 

CELL CULTURE EXPERIMENTS 

4.1. Introduction 

A fundamental objective of this project is to study the interactions of NIH-3T3 

fibroblasts with the 2-D chitosan films. Good interaction of fibroblast cells with a matrix 

biomaterial is crucial in developing tissue engineering substrates. This part of the project 

considered the attachment, spreading and growth of the NIH-3T3 fibroblasts on 2-D 

chitosan films. 

4.2 Materials and Methods 

4.2.1. Cell Culture 

The 490N3T strain of 3T3 fibroblasts kvere obtained from Don Blair of the 

Xational Institute of Health (NIH) and generously donated by Dr. Rebecca van Beneden 

of the University of Maine. Fibroblasts Lvere routinely cultured with Dulbecco's 

Modified Eagle Medium (DMEM, lot # 1084 12 1) supplemented with 10% calf serum 

(CS, lot # 1 O6Ol98), 100 U1100 pg penicillin/streptomycin (100 U1100 pg Pen-strep lot # 

1 079370). all obtained from Life Technologies (Grand Island, NY). Sterile, tissue- 

culture-grade, Falcon T-25 (25 cm2) flasks were obtained from VWR Scientific 

(Bridgeport, NJ). These polystyrene flasks are plasma-treated by surface activation, 

which introduces oxygen or nitrogen gas to the polystyrene to increase its hydrophobicity 

3. Fifteen-ml centrifuge tubes, 50-ml centrifuge tubes, and 1-ml freezer vials were 

obtained from VWR Scientific (Bridgeport, NJ). Dimethylsulfoxide (DMSO) used for 

freezing cells was obtained from Sigma (St. Louis, MO). Cells were observed with a 



Hund-Wetzlar Wilovert AS phase contrast microscope. Cells were incubated in a F o m a  

Scientific C02  water jacketed incubator (model no. 3 110). Manual cell counts were 

performed with a hemacytometer (Leavy Counting Chamber manufactured by Hausser 

Scientific) supplied by VLVR Scientific (Bridgeport, NJ). 

All work with cell culture \vas'performed in a sterile, biological hood (Forma 

Scientific Class IIAI3B Biological Safety Cabinet, model no. 1284). The NIH-3T3 

fibroblasts were used for experiments between passages 10-30. Fibroblasts were 

maintained at 37 OC in an incubator, equilibrated with 5% carbon dioxide (COz) and kept 

at approximately 95% humidity. Culture flasks allowed open-air exchange in the 

incubator. The C02  acts as a buffer, to keep the culture medium near a pH of 7. 

Stock cultures were frozen according to the following procedure. Freezing 

medium of DICIEM with 20% CS and 100 UI100 pg pen-strep was prepared. The NIH- 

3T3 fibroblasts Lvere aspirated of DMEM towards the end of the exponential growth 

phase, while the majority of the cells were still dividing. The flasks were rinsed twice 

with 5 ml of sterile phosphate buffered saline (D-PBS). Cells were loosened with 

trypsin-EDTA and dislodged. Five ml of freezing medium was added to cell suspension 

and pipetted up and down two times to loosen cell clumps. Cell suspension was pipetted 

into a 15-ml centrifuge tube and centrifuged in a Fischer Scientific centrifuge (model 

MARATHON 10K) at 1000 RPM at room temperature for 3 minutes. After aspirating 

the supernatant, cells were resuspended in freezing medium (1 ml per flask used). Ten 

percent DMSO was added to cell suspension, and 1 ml of suspension was pipetted into 

freezing vials. Freezing vials were frozen at -30 OC and transferred to liquid nitrogen 

after 24 hours. Stock cultures were stored in liquid nitrogen. 



Cells were thawed by rapidly by warning the freezer vial in a 37 OC water bath. 

A T-25 flask was supplied with 10 ml of culture medium (DMEM with 10% CS and 100 

U1100 pg pen-strep). The freezer vial was then quickly pipetted into the T-25 flask with 

the DMEM, and cells were placed in a 37 OC incubator with 5.0% COz and approximately 

95% humidity. 

Cells were subcultured every 4-6 days. Cell confluency was confirmed visually 

by observation of the culture flask with a phase contrast microscope. The old DMEM 

was aspirated from the culture flask. The flask was then rinsed twice with 5 ml of sterile 

phosphate buffered saline (D-PBS). Two ml of trypsin-EDTA was applied to the 

confluent layer and aspirated from the flask. After 30 to 120 seconds of addition of the 

trypsin-EDTA, cells were observed to begin detaching from the flask by rounding up 

under the microscope. Cells were detached d by gently tapping the sides of the culture 

flask. Immediately following the detachment, 10 ml of DMEM + 10% CS + 100 U1100 

ug pen-strep is added to the cell suspension. The CS deactivates the enzymatic action of 

the trypsin-EDTA. The cells were then placed in an incubator as previously described. 

42.2. Growth Cycle 

The cell gronth cycle is an important process in which the cell divides. The 

growth cycle in a batch culture consists primarily of four phases: lag phase, logarithmic 

or exponential growth phase, deceleration phase, and death phase. The lag phase occurs 

immediately following inoculation of cells to culture, and represents the time for cells to 

attach and spread in culture. During the exponential growth phase, the cells multiply 

rapidly, and cell mass and number increase exponentially. A short deceleration phase 

follows the exponential growth phase and is indicative of a depletion of nutrients or 



slowed cellular growth due to contact inhibition at cell confluency. The stationary phase 

represents when cell growth is equal to cell death, and the death phase is self-explanatory 

Some important parameters to the growth of cells include the saturation density 

and population doubling time (PDT). The saturation density (SD) is the maximum 

number of cells per unit area that a given cell line can attain. The absence of a stable 

saturation density in a given cell line indicates that the cells have transformed from the 

normal cells possessing a stable saturation density. The NIH-3T3 fibroblast growth 

slows considerably upon reaching a confluent layer of cells while in culture due to 

contact inhibition. Phenomena such as anchorage dependence and contact inhibition of 

growth appear to be linked to integrin-mediated adhesion 202 210. Fibroblasts, endothelial 

and epithelial cells all cease growth when detached from the culture substrate in vitro. 

Cell-cell adhesion molecules may mediate contact inhibition "! The PDT is the time 

required for an entire cell culture to double its number. Assuming that all cells are 

participating in cell division, then the PDT is a good measure of the overall metabolic 

efficiency of the cells. The PDT and SD are important indicators of baseline NIH-3T3 

cell behavior. The growth curve of the NIH-3T3 fibroblasts was characterized from 

culture on tissue-culture-grade polystyrene T-25 flasks. This curve was used for the 

determination of the important gro~bth characteristics of SD and PDT of the fibroblasts. 

These parameters were used to determine the seeding densities and sampling times of 

subsequent experiments on the attachment and growth of NIH-3T3 fibroblasts on 

chitosan films compared to polystyrene controls. 

A cell growth curve was determined by counting the fibroblast density in T-25 

flasks over the course of 5 days in culture, using passages 25 through 27. A growth 



experiment was set up as follows. The number of cells in a confluent flask of NIH-3T3 

fibroblasts was determined by trypsinizing the cells, suspending them in 10 ml medium 

as described earlier, and then counting them with a hemacytometer. This suspension was 

diluted to 4.0 x 10' cells/ml with cell culture medium as previously described. One ml of 

this suspension kvas added to each of e'ight T-25 flasks, and diluted to 10 ml total volume. 

This procedure ensured a known starting number of cells. The cells were incubated as 

described previously. Cell concentration was determined at 12 hours and every 24-hour 

interval up to 6 days after inoculation by counting cells in duplicate with a 

hemacytometer, as described earlier in this section. 

4.2.3. Attachment Experiments 

The attachment of cells to the ECM is an integral part of cell function. The faster 

cells attach to an ECM in culture, the more likely the cells n i l 1  remain viable and 

proliferate. Biomaterials that can promote rapid cell attachment are desirable for cell 

culture applications and tissue matrices where growth is intended. To determine the 

suitability of solvent-cast chitosan films for cell culture, the attachment of NIH-3T3 

fibroblasts onto chitosan films of three different concentrations (0.5%, 1.5% and 3.0% 

(wIv)) was measured using the Bradford assay and compared to polystyrene controls. A 

detailed procedure for the Bradford assay can be found in Appendix B. Additionally, the 

attachment of 3T3 fibroblasts onto 3.0% grooved chitosan films cast on Lexan was 

investigated. 

A punch-like cutting tool was machined from a stainless steel cylinder (ID = 1-114 

inches, OD = 1-511 6 inches). The inner diameter of the cylinder was machined to create 

a sharp edge. Coming six-well tissue culture plates were obtained from VWR Scientific 



(Bridgeport, NJ). Untreated, sterile polystyrene dishes were Silicone O-rings were 

obtained from McMaster-Carr (ID = 1-111 6 inches, OD = 1-5/16 inches). Images were 

captured with a Minolta 35 rnrn SLR camera, attached to a Hund-Wetzlar Wilovert AS 

phase contrast microscope. Disposable untreated polystyrene petri dishes used as 

controls (1 5 x 100 mm standard) were obtained from VWX Scientific (Bridgeport, XJ). 

Bradford reagent was prepared with Coomassie Brilliant Blue G (Lot # 1838A17), 

supplied by EM Science (Gibbstown, NJ), certified A.C.S. 85% o-phosporic acid (Lot # 

00 18 15) and certified A.C.S. methanol (Lot # 00 1009), both supplied by Fisher Chemical 

(Fair Lawn, NJ). Bovine serum albumin (Lot # 78H0696) was obtained from Sigma 

Chemical (St. Louis, MO) for protein standards. Sodium hydroxide pellets were obtained 

from Fisher Chemical (Fair Lawn, NJ). 

Chitosan films were prepared according to methods given in Chapter 3. Films 

were sterilized by UV-IR radiation for one hour. Films made from chitosan solutions of 

0.5%, 1.5% and 3.0% (w/v) concentrations were cut into 7.9 cm2 discs using a stainless 

steel cutting tool. The cutting tool was autoclaved, and then wiped with 70% ethanol 

solution prior to use. Films were placed on a sterile Teflon support, the cutting tool was 

placed on top of the film, and a 2"x2"xl" stainless steel plate was placed on top of the 

cutting tool. Films were cut by hitting the plate ~vith a hammer, and punching out the 

resulting chitosan discs. 

The attachment experiment used two polystyrene controls. The first was the 

Coming six well tissue culture plate. This polystyrene was plasma treated to ensure 

hydrophobicity, and was expected to perfom1 best with for cell attachment compared to 

the other control and chitosan films. The second control was an untreated polystyrene 



petri dish. The set up of the attachment experiment was as follows. Sterilized chitosan 

films were placed into 4 of the 6 wells and held stationary with silicone O-rings. Silicone 

O-rings were also placed in the remaining empty wells, which were used as the tissue- 

culture grade polystyrene control. Finally, silicone O 4 n g s  were placed into untreated 

polystyrene petri dishes used as a second control. The O-rings kept the chitosan films 

stationary when exposed to cell culture and medium, as well as provided an experimental 

control for a standard area to which fibroblasts were exposed during experimentation. 

Experiments were assembled in six-well tissue culture polystyrene dishes according to 

Figure 18. The untreated polystyrene controls are not depicted. Three plates were set up 

for each film concentration and cell concentration was measured at 15,30 and 60 minutes 

after inoculation with the Bradford assay (nine multi-well tissue-culture-grade plates per 

attachment experiment as well as three untreated polystyrene petri dish controls were 

used). In all multin-ell plates, four wells of each plate were supplied with one 

concentration chitosan film as illustrated in Figure 18. Silicone O-rings were sterilized in 

an autoclave at 250 OF for 30 minutes before use with experiments. Silicon O-rings were 

also used as experimental controls by placing them in untreated polystyrene dishes to 

confine the cell growth and ensure that the experimental test areas were 5.72 cm2 for all 

samples. This experimental set up Lvas also applied to attachment experiments on 

grooved 3.0% chitosan films cast on Lexan. 



Figure 18. Attachment experiment set up 
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All samples were inoculated nith 8.8 x 10' cells per dish (1.1 x 10' cells/cm2) and 

supplemented with 2 ml total volume of DMEM with 10% CS and 100 U1100 pg pen- 

strep, then placed in a 37 OC incubator with 5.0% COz and approximately 95% humidity. 

This cell density is near the saturation density of the NIH 3T3 fibroblasts on a tissue 

culture grade polystyrene and is easily detected with the Bradford assay. At sample times 

of 15, 30 and 60 minutes after inoculation, samples were removed from the incubator. 

The DMEM was aspirated and the silicon O-rings removed from the samples, and the 

number of cells that remained attached to the chitosan films or controls was counted 

according to the following procedure. The samples were rinsed twice with 2 ml of sterile 

D-PBS to remove any unattached cells and media. Cells Lvere loosened from the surface 

by adding 1 ml of trypsin-EDTA and gently tapping the sides of the sample dishes or 



plates. Cells were then suspended in 1 ml DMEM with 10% CS and 100 UI100 pg pen- 

strep. 

Cells were recovered and quantified by a total protein determination. The total 

protein concentration is proportional to cell concentration and is a commonly used 

method to determine cell number with a standard plot of cell number versus protein 

content. Each sample was transferred to a 15-ml centrifuge tube, and samples were 

centrifuged at 1000 RPM for 3 minutes. The supernatant was aspirated and the cells 

resuspended in 2 ml sterile D-PBS. The cells were again centrifuged at 1000 RPM for 3 

minutes and the supernatant aspirated to remove proteins present in the calf serum in 

which the cells were originally suspended. The cell pellet was dissolved in 0.5 ml of 0.3 

N NaOH solution, to lyse the cells and create a protein suspension. The total protein 

concentration of each sample was measured in duplicate using the Bradford assay by 

spectrophotometry. A calibration curve xvas established using BSA standard solutions 

from 0 to 2000 pg/ml. The absorbance of the standards and samples was measured at 

595 nm. 

The total cell concentration of samples was correlated to the total protein content 

of the solubilized cell pellets with the Bradford assay, kvhich is currently one of the most 

widely used protein assaj.s ". Protein content is widel?. used to estimate total cell 

concentration and can be used in cell grokkth experiments. Protein content can also be 

used to determine the expression of specific enzyme activities, ligand receptor content, or 

intracellular metabolite concentrations. The majority of the cellular proteins come from 

nucleic acids. and other protein sources are negligible. Colorimetric assays use a 

chemical reaction that produces color to identify molecules. The Bradford assay uses a 



reaction with Coomassie Blue, which binds to proteins. Coomassie Blue undergoes a 

spectral change on binding with proteins in an acidic solution, which can be measured 

with spectophotometry at 595 nm. The Bradford assay was used because it is more 

sensitive than the commonly used Lo~vry assay, and is independent of aromatic amino 

acid frequency in the protsin. A calibration cune  Lvas established by solubilizing various 

known cell concentrations (determined by a hemacytometer count) and determining the 

total protein content of these lysed cell suspenstions. These protein concentrations were 

then correlated to a standard BSA protein concentration to establish the calibration curve. 

The calibration curve is depicted in Appendix B. For attachment experiments, cell pellets 

were dissolved in 0.3 N NaOH at room temperature for 1 hour. Standard BSA solutions 

were prepared from 0 to 2000 pglml and used to establish a standard curve. Then 2 ml of 

Bradford assay reagent Lvas added to a 10 ml glass test tube. Solubilized cell solutions 

were vortexed at 70% maximum speed for 1 minute, and then 40 p1 of this solution was 

added to the Bradford assay reagent. The contents of the test tube were then emptied into 

a 4 ml disposable cuvette. This act of pouring the solution from the glass tube to the 

cuvette mixed the reagent and the protein solution. The absorbance of the samples was 

recorded at 595  nm in a spectrophotometer at room temperature. The cell concentration 

was estimated from the calibration curve of cell concentration versus total protein 

concentration. 

4.2.4. Growth and Spreading Experiments 

For tissue regeneration to be guided by implanted materials, the matrix material 

must support cell growth. It is possible for cells to attach to surfaces, but not grow. The 

growth experiments conducted as part of this study aimed to determine how well chitosan 



films support the growth of NIH-3T3 fibroblasts. The rate of NIH-3T3 fibroblast growth 

on two controls and three concentration chitosan films was measured with the Bradford 

Assay. The controls included untreated polystyrene and tissue-culture-grade polystyrene. 

Additionally, the extent to which the fibroblasts will spread on chitosan films of varying 

concentration was observed and photographed. 

Chitosan films, polystyrene tissue culture flasks and petri dishes utilized for the NIH- 

3T3 growth experiments were the same as those described in the attachment studies. The 

experimental set-up for the growth experiment was similar to that for the attachment 

experiment with the following exceptions. First, the cells were inoculated at a lower 

density of 6.0 x lo4 cellsldish compared to the 8.8 x lo5 cellsldish for attachment 

experiments. This initial inoculation density was chosen because it was towards the 

detection limit of the Bradford assay used to determine the total protein content of cell 

suspensions. At this lower cell density the cells have room to grow without contact 

inhibition. Second, more multi-well dishes and untreated polystyrene controls were set 

up for each concentration chitosan film with the growth experiments than for the 

attachment experiments, because more time-point measurements were made. 

Measurements were taken at 12 hours, 1,2,  3, and 4 days in culture. Based on the 

population doubling time of 2 1.4 hours, the fibroblasts should achieve the saturation 

density of 1.17 x 1 o5 cellslcm2 within 4 days. Two time-point measurements were 

performed within the first 24 hours of inoculation to study the initial attachment and 

growth of the fibroblasts. Culture media was changed every other day. 

For fibroblast spreading characterization, images were captured with a Minolta 33 

mm SLR camera, attached to a Hund-Wetzlar Wilovert AS phase contrast microscope. 



Pictures were taken of the fibroblasts on the polystyrene controls and chitosan films at 

12,24, and 48 hours of the growth experiments. The microscope was set at 20X 

magnification, and the shutter speed of the camera was automatically set, usually between 

1160-1,/135 seconds depending on the external lighting. Each picture presents a unique 

film and area of gronth. In other words, the exact area of gro%th on the same films \;as 

not photographed. Rather, pictures were taken to convey an overall idea of how the cells 

were spreading over time on the various samples. 

4.3. Results and Discussion 

4.3.1. Growth Cycle 

The NIH-3T3 fibroblast growth cycle, cultured in T-25 flasks is depicted in 

Figure 19. The phases of cell growth described in section 4.1.1 ., PDT and SD of the 

NIH-3T3 fibroblasts are displayed in Figure 19. The PDT was estimated from the slope 

of the growth curve during the exponential phase of growth. The SD was simply the 

asymptote of the highest cell concentration attained. These values were used to design 

the experimental parameters for the cell attachment and growth experiments. 

Additionally, these values are used as a baseline for the cell behavior, which can be 

compared to subsequent experiments. 

The SD of 1.2 x 10~ellss/cm2 and PDT of 2 1.4 hours are typical for a healthy line 

of NIH-3T3 fibroblast cells supplemented with 10% calf serum. Cells cultured from 

passage number 25 to 27 all showed similar growth behavior, and cells below this 

passage number range were used for subsequent experiments. The results of Figure 19 

indicate that the fibroblast SD and PDT were reproducibily measured. These parameters 

were also confirmed periodically throughout the study by measuring the SD and PDT of 



cells between passage number 10 and 30, at confluency and during the exponential phase 

of growth. 

Figure 19. NIH-3T3 fibroblast cell growth cycle 
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Saturation density and PDT were used to establish initial cell concentrations for 

the attachment and growth studies. For the attachment experiments, a concentration near 

the SD was used. As discussed in chapter 2, the initial attachment of cells in critical for 

subsequent cellular processes of spreading, growth, migration as well as for the 

production of important products including fibronectin and various growth factors. The 

Bradford assay '' used to estimate cell concentration in subsequent experiments gave 

more accurate results when applied to higher cell concentrations. Thus, an initial seeding 

density near that of the SD was utilized for attachment experiments. In contrast, a much 



lower initial cell concentration was used for the growth experiments, so that the cells 

could be observed in the different phases of the growth cycle. 

Although fibroblasts are anchorage dependent and usually cease growth upon 

attaining confluency, the NTH-3T3 fibroblasts utilized in this study behaved slightly 

different. This line of fibroblasts continued gronth in multi-layers after reaching 

confluency at a decreased growth rate. The death phase indicated in Figure 19 was the 

result of nutrient depravation upon reaching confluency. 

4.3.2. Attachment Experiments 

The attachment experiment results are depicted in Figure 20. The cell 

concentrations depicted in Figure 20 were estimated with the Bradford assay. The Y-axis 

of the plot represents the percentage of the total number of cells attached compared to the 

original 8.8 x 10' cells per dish inoculated. The results of Figure 20 indicate that 3T3 

cells will attach to chitosan films. The error bars of Figure 20 represent the 95% 

confidence interval for this data. The polystyrene controls definitely support greater 

NTH-3T3 attachment than the 1.5% or 3.0% chitosan films. The data is not significantly 

different for the 0.5% chitosan films and the polystyrene controls. The rate of attachment 

for the 0.5% chitosan film and controls within the first 20 minutes is much greater than 

that for the next 40 minutes. The controls and the 0.5% film achieved greater than 50% 

attachment after 20 minutes in culture. This implies that the attachment step for the 3T3 

fibroblasts is very fast. The polystyrene controls and the 0.5% chitosan films approach 

an asymptotic value at 60 minutes in culture of about 65-80 % attachment, and display 

similar trends. This implies that the majority of the cells that will attach do so within the 

first 60 minutes of inoculation. 



Figure 20. Cell attachment on chitosan films and polystyrene controls 
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The tissue culture grade polystyrene control supports the greatest cell attachment, 

which was expected as this substrate is designed for cell culture applications. This 

control showed nearly 70% of cells attaching after 20 minutes in culture and 

approvimately 80% of the original cells inoculated attaching at 60 minutes in culture. 

The untreated polystyrene control exhibits lower attachment than its counterpart, with 

about 55% of cells attaching after approximately 20 minutes in culture and almost 70% of 

cells attaching after 60 minutes in culture. 

The results of these attachment experiments confirm our data from Chapter 3 on 

the WIA contact angles, which indicated that all concentrations of chitosan films should 

support cell attachment. The 0.5% chitosan film exhibited the apparent greatest NIH-3T3 



fibroblast attachment. The 0.5% film exhibited nearly 50% cell attachment by 20 

minutes in culture, and approached 80% attachment of cells inoculated after 60 minutes. 

The 0.5% film appears to out-perform the untreated polystyrene control after 60 minutes 

in culture, surpassing the attachment of this control at just after 30 minutes in culture. 

Hokvever, because of the higher variability shown as the 95% confidence intervals in 

Figure 20 in the mean attachment values of the 0.5% chitosan films and the untreated 

polystyrene controls, this improved attachment should not be considered statistically 

different. The 1.5% and 3.0% films supported cell attachment, at lower rates than the 

0.5% film or controls. The 1.5% films and 3.0% films exhibit similar attachment 

characteristics from 0 to 60 minutes after inoculation. These films display an almost 

linear trend with cell attachment over the first 60 minutes in culture, approaching 45-55% 

cell attachment at 60 minutes. It should be noted that a larger variability in the 1.5% 

chitosan film with respect to cell attachment is not obsen-ed compared to other films and 

controls, as was with its tensile properties, water-in-air contact angle and surface free 

energy reported in Chapter 3. Thus, the variability noticed in the physical parameters of 

the films doesn't appear to affect their biological function. 

The observation that the NIH-3T3 fibroblasts attach to the chitosan films confirms 

that these films are suitable for cellular attachment. Good attachment indicates that the 

chitosan films will promote other cell functions including cell growth. The 0.5% film 

displays the fastest apparent initial attachment and highest apparent percentage attached 

of the three film concentrations studied. Additionally, the 0.5% film possesses the lowest 

WIA contact angle of the three films at 73.2 degrees as indicated in Chapter 3. The 1.5% 

and 3.0% films had higher WIA contact angles than the 0.5% film and displayed lower 



cell attachment than that of the 0.5% film. This implies that chitosan films with lower 

WIA contact angles will support improved fibroblast attachment compared to films with 

higher WIA contact angles. There is little difference in the absolute values for the WIA 

between the three film concentrations. The attachment of NIH-3T3 fibroblasts is likely 

enhanced by the adsorption of serum proteins onto the polystyrene controls as well as 

onto the chitosan films. As mentioned in Chapter 2, many polymers will adsorb proteins 

present in serum to their surface, with maximum adsorption occurring on polymers with 

intermediate wettabilities. 

Fibroblasts will not attach to the grooved 3.0% chitosan film cast on Lexan. 

Attachment experiments with this film were unsuccessful. Hardly any fibroblasts 

attached to these films, and those that did attach did not grow. Reasons for this are 

probably related to the Lexan support on which films were cast. This support showed 

evidence of chipping, and contained debris resulting from the machining process. The 

films were observed to retain some of this debris after detachment from the Lexan 

support. Because the Lexan could not be autoclaved for sterilization, the resulting films 

cast on this support most likely contained contaminants from the support, which were 

toxic to cells. Unsuccessful attempts were made to sterilize the Lexan surface with a 

70% ethanol solution. Future experimentation Lvith a grooved film should utilize a 

support that can be autoclaved for sterilization. Also, a better material should be used to 

ensure that machined grooves are smooth so that films will easily detach from the 

support. 



4.3.3. Growth and Spreading Experiments 

The growth of the NIH-3T3 fibroblasts is depicted in Figures 21 and 22. The 

polystyrene controls support the better cell growth than the chitosan films. The tissue 

culture grade polystyrene control displays the fastest growth of 3T3 fibroblasts with a 

PDT of 21 hours. The fibroblast growth on the untreated polystyrene control displayed a 

PDT of 22 hours. These results agree with the parameters previously determined on 

polystyrene. The controls also approach the saturation density of 1.2 x 10' cells/cm2 after 

4 days in culture as expected based on the PDT and the initial inoculation density. The 

fibroblasts on controls appear to enter into the exponential growth phase around 12 hours 

after inoculation. Figure 21 displays the total cell concentration on the Y-axis on a 

normal scale, whereas Figure 22 displays this information on a logarithmic scale. Both 

figures display the 95% confidence interval for the mean cell concentrations. Each point 

represents three separate tests, sampled in duplicate. 



Figure 21. Cell growth on chitosan films and polystyrene controls 
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Figure 22. Logarithmic cell growth on chitosan films and polystyrene controls 
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All concentrations of chitosan films support NIH-3T3 fibroblast growth to a similar 

extent. The initial attachment and subsequent growth of NIH-3T3 fibroblasts on chitosan 

films appears to take longer than for the controls. Less than 20% of the initial cells 

inoculated onto chitosan films attach and subsequently grow. This is evidenced by the 

cell concentrations at 12 hours in culture. This is an interesting result indicating that even 

though the chitosan films were shown to support over 50% cell attachment within the 

first 60 minutes of inoculation, only a fraction of those cells attached actually continue to 

proliferate. 

For the polystyrene controls, the cells display a lag phase for about 12 hours. 

This is most likely representing the time it takes for the fibroblasts to attach, spread, and 

begin secreting ECM proteins. Once the cells have established a sufficient ECM, then 

the proliferation proceeds to the exponential growth phase on all substrates. The 

fibroblasts cultured on chitosan films appeared to begin the exponential phase of growth 

around 24 hours after inoculation. This is 12 hours later than the time for fibroblasts 

cultured on controls to begin this phase of growth. This may be because the viable 

attached cells were secreting ECM proteins so that they could continue to proliferate. 

These results partially agree with previous studies which indicated that after 24 hours in 

culture, fibroblasts will have produced enough of their o u n  ECM proteins to continue 

growth at rates comparable to other substrates '-'. The cells were observed to begin 

exponential growth at 24 hours in culture, but' at slightly slower rates than controls. 

The 0.5% chitosan film and 3.0% chitosan films exhibited similar cell growth 

characteristics over 4 days. The 0.5% film had the highest cell density after 4 days at 7.5 

x lo4 cells/cm2, followed by the 3.0% film with 5.2 x 10' cells/cm2. The 1.5% chitosan 



film had the lowest cell concentration after 4 days in culture at 3.7 x lo4 cells/cm2. All 

concentration chitosan films exhibit longer PDT's than the controls. The PDT's were 

determined by assuming the NIH-3T3 fibroblasts in the exponential phase of growth from 

day 1 to day 4 of the growth experiment. Although the 3.0% chitosan film had a lokver 

cell density at 4 dajs than the 0.5% film, its PDT of 24.5 hours indicates that this 

concentration film supported the fastest fibroblast growth. The 0.5% film supported the 

next fastest fibroblast growth with a PDT of 27.2 hours, followed by the 1.5% film with a 

PDT of 3 1.5 hours. Future experiments with these concentration films should include 

later time points at 5 and 6 days to determine whether the fibroblasts will achieve the 

same SD on the chitosan films as on controls. The confidence in the average values for 

cell denities in the growth experiments is much higher than that obtained in the 

attachment experiments. One reason for a difference could be due to a weaker initial 

attachment of fibroblasts during the first 60 minutes in culture compared to 12 hours post 

inoculation. The cells should be completely attached after 12 hours in culture, whereas 

they may be more susceptible to shear forces during initial attachment stages. 

The NIH-3T3 fibroblast cells also spread onto the chitosan films in a similar 

manner as on polystyrene controls. The photographs of the fibroblast spreading show 

that the number of fibroblasts spreading on the varying concentration chitosan films 

increases with time. After subculturing fibroblasts, cells exhibit a rounded shape when 

suspended in culture medium as well as after 'initial attachment to a substrate. After some 

time, the cells would spread onto the substrate and begin proliferation until reaching 

confluency. The cell morphology, after subculturing without significant spreading, and 



the after growing to a confluent layer is depicted in Figure 23. The dark spot in the top 

portion of Figure 23 represents external debris on the outside of the tissue culture flask. 

Figure 23. Cell morphology after subculture and at confluency 

3T3 fibroblasts 45 minutes after subculture on tissue I - C 

culture grade polystyrene, no spreading. I 

The confluent layer of cells in Figure 23 displays a generally random orientation of 

fibroblasts on the substrate. This is probably due to the smooth nature of this substrate. 



One area indicated by the arrow in the confluent layer shows cells growing radially 

around an empty space on the polystyrene. This may be due to some factory-caused 

irregularity in the polystyrene during manufacturing. Cells with rounded morphologies in 

the confluent layer indicate mitosis. The time required for the cells to attach and reach 

confluency in Figure 24 was 5 days at 37 O C ,  95% humidity and 10% calf serum in 

DMEM. 

The NIH-3T3 fibroblasts may exhibit different spreading behavior depending on 

the amount of adsorbed fibronectin on the substrate. Fibronectin affects the initial spread 

of cells onto the substrate, but subsequently, cells will spread due to their own production 

of fibronectin 88. One theory towards the maintenance of good cell growth in vitro and in 

vivo is to attach as many cells to the substrate as possible with the help of attachment 

proteins, as this will result in good spreading behavior as the cells produce the necessary 

products for this phase l o ' .  

The spreading and growth of cells on the untreated polystyrene control is depicted 

in Figure 24. The NIH-3T3 fibroblasts have attached and begun spreading in seemingly 

random orientation at 12 and 24 hours in culture. The spread cells usually take on either 

an elongated shape or a triangular form. There is no visibly noticable increase in cell 

density from 12 to 24 hours. Similar cell morphologies were observed on the tissue 

culture grade polystyrene control as on the untreated polystyrene control (results not 

shown). The results of the growth experime&s indicate the fibroblasts enter into the 

logarithmic phase of growth after 12 hours. One explanation for no observable cell 

density change between 12 and 24 hours is that separate areas of polystyrene control were 

photographed. As previously mentioned, these pictures do not depict the same place on 
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the sample. The cells remain in a random orientation at 24 hours. The cell density 

noticeably increases from 24 hours to 48 hours in culture. At 48 hours in culture, the 

fibroblasts appeared to be aggregating and growing at higher densities near these 

aggregations then ~vhere single cells were growing. This may be the result of an 

increased production of collagen or fibronectin by the colonies of cells, enabling faster 

spreading, growth and migration. 

The spreading and growth of fibroblasts on 1.5% and 3.0% chitosan films is 

depicted in Figure 25. The spreading of fibroblast cells on the 0.5% chitosan film is not 

shown. The reason for the smaller image of the fibroblasts on the 1.5% film at 48 hours 

was the film in the camera ran out on this exposure. Both the 1.5% and 3.0% chitosan 

films supported the attachment and spreading of fibroblasts at 12 hours in a seemingly 

random orientation. This confirms our assumption that these films are relatively smooth, 

because a higher Ra of the films should affect the orientation of cells during attachment. 

There was a noticeable increase in cell density for both the 1.5% and 3.0% chitosan films 

from 12 to 48 hours. The fibroblasts appeared to aggregate on the 1.5% chitosan films at 

24 and 48 hours to a greater extent than that observed in Figure 24 on the untreated 

polystyrene control. There was no apparent aggregation of the cells on the 3.0% chitosan 

films at any of the times depicted in Figure 25. Ho~vever, some cell aggregation was 

observed during experimentation that is not shown. There was an air bubble in Figure 25 

on the 3.0% chitosan films at 12 hours. The ability of the chitosan films to support the 

attachment, spreading and growth of 3T3 fibroblasts is confirmed by Figure 25. The 

0.5% films (not shown) displayed fibroblast spreading and growth characteristics very 

similar to the 1.5% chitosan films at all times of the growth experiment. 





A comparison of the fibroblast cell morphology on the tissue culture grade 

polystyrene control (MWPS) and the different concentration chitosan films at 48 hours 

after the start of a growth experiment is depicted in Figure 26. The 0.5% and 3.0% films 

exhibit better cellular spreading than the 1.5% film as evidenced by the larger individual 

cells. This agrees with our previous assumption that a lower WIA contact angle might 

Figure 26. Cell morphology at 48 hours of growth experiment 

imply greater fibroblast spreading. The NIH-3T3 fibroblasts had a greater tendency to 

proliferate in clumps on the chitosan films compared to the polystyrene controls as 

indicated in Figures 24-26. This may be due to a higher density of arnine or hydroxyl 

groups at specific points on the films. Hydroxyl groups have been suggested to be 

important to initial adhesion of cells to substrates, whereas parts of carboxyl groups 

influence long-term cell growth 19. Another reason for the aggregation of the fibroblasts 



may be that an aggregate will produce more collagen and fibronectin than single cells and 

promote faster cell spreading, growth and migration on its own extracellular matrix 

proteins. 

The observation of cells aggregating and growing is very important. These 

aggregates can be correlated to cell-cell interactions, cell differentiation, viability, 

migration and subsequent tissue formation. The aggregation of cells resembles the cell- 

cell interactions typically found in tissues, and cell function and survival can be improved 

in aggregate cultures. Also, chitosan films promoting these aggregates may be beneficial 

to the tissue engineering aspects of these films, as they may act to enhance tissue function 
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4.4. Conclusions 

1.4.1 GrowthCycIe 

The NIH-3T3 fibroblasts display the standard phases of cell growth, as depicted 

in Figure 19. The PDT and SD are important indicators of baseline NIH-3T3 cell 

behavior. These parameters can be used to determine the seeding densities and sampling 

times of experiments on the attachment and growth of NIH-3T3 fibroblasts on chitosan 

films and controls. The SD and PDT should be used as a baseline for comparison to 

subsequent experiments of NIH-3T3 attachment and growth. 

4.4.2 Attachment Experiments 

All substrates support the attachment of NIH-3T3 fibroblasts. The polystyrene 

controls support greater fibroblast attachment than the 1.5% or 3.0% chitosan films. The 

0.5% chitosan films and the polystyrene controls exhibit very similar attachment 



behavior. The rate of attachment for the 0.5% chitosan film and controls within the first 

20 minutes is much greater than that for the next 40 minutes, indicating the attachment 

process to be very fast. The majority of fibroblasts that will attach do so within the first 

60 minutes of inoculation. These results in conjunction with the WIA contact angle data 

from chapter 3 indicate that the WIA contact angle of chitosan films may be an indicator 

for the degree at which they will support fibroblast attachment, with lower WIA's 

implying better fibroblast attachment. 

Based on the 95% confidence intervals of attachment data, the 0.5% chitosan films 

and the untreated polystyrene controls exhibit similar attachment and should not be 

considered statistically different. The 1.5% and 3.0% films supported similar cell 

attachment, at lower rates than the 0.5% film or controls. A higher variability in the 1.5% 

films compared to other concentrations or controls was not observed, as was reported for 

this films tensile properties, water-in-air contact angle and surface free energy in Chapter 

3. Thus, the variability noticed in the physical parameters of the films doesn't appear to 

affect their biological function. Fibroblasts did not attach to grooved 3.0% chitosan films 

cast on Lexan. Reasons for this are probably related to the Lexan support on which films 

were cast. Because the Lexan could not be autoclaved for sterilization, the resulting films 

cast on this support most likely contained contaminants from the support, which were 

toxic to cells. Future experimentation with a grooved film should utilize a support that 

can be autoclaved for sterilization. Lexan is not a suitable material for casting chitosan 

films. 



4.4.3 Growth and Spreading Experiments 

The chitosan films cast on glass support the growth of NIH-3T3 fibroblasts. The 

number of cells that will attach and grow during the first 12 hours in culture was lower 

than the number of cells that will attach to the films in the first 60 minutes. This may be 

due to cells initially attaching to the chitosan films but not subsequently spreading or 

growing. This is an interesting result indicating that even though the chitosan films were 

shown to support over 50% cell attachment within the first 60 minutes of inoculation, 

only a fraction of those cells attached actually continued to proliferate. This indicates 

that many initially attached cells did not grow and detached from the films. 

The fibroblasts begin exponential growth on polystyrene controls after 12 hours in 

culture and on chitosan films after 24 hours in culture. This may represent the time 

required for viable attached fibroblasts to secrete ECM proteins which encourage 

subsequent proliferation. These results agree with previous studies which indicated that 

after 24 hours in culture, fibroblasts will have produced enough of their own ECM 

proteins to continue growth at rates comparable to other substrates 'j. Once in the 

exponential growth phase, fibroblasts cultured on chitosan films displayed slightly longer 

PDT's than ones cultured on polystyrene controls. 

The chitosan tilms support the attachment, subsequent spreading and growth of 

NIH-3T3 fibroblasts. This data confirms the WIA and SFE data of Chapter 3 which 

indicated that all films and controls should sipport cell hnctions of attachment, 

spreading and growth. The NIH-3T3 fibroblasts initially attach to the films and controls 

in a random orientation, confirming the hypothesis that the Ra of the films would not 

affect the orientation of cells during attachment. The fibroblasts appear to prefer growth 



in colonies on all concentration chitosan films, which may be a result of increased 

collagen and fibronectin production by fibroblast colonies. This observation is very 

important, because these aggregates can be correlated to cell-cell interactions, cell 

differentiation, viability, migration and subsequent tissue formation. The aggregation of 

cells resembles the cell-cell interactions typically found in tissues, and cell function and 

survival can be improved in aggregate cultures. Also, chitosan films promoting these 

aggregates indicate potential tissue engineering aspects of these films, as they may act to 

enhance tissue function '97. 



Chapter 5 

3-D SCAFFOLD FORMATION AND CHARACTERIZATION 

5.1. Introduction 

The results of Chapter 4 confirmed that 2-D chitosan films support the attachment 

and growth of NIH 3T3 fibroblast cells. blany tissue engineering applications require 3- 

D cell supports. The next step in this study was to develop and characterize a 3-D 

chitosan scaffold for cell culture applications. This chapter describes the formation of a 

3-D chitosan matrix, and the subsequent testing of the matrix physical properties. 

5.2. Materials and Methods 

Aldrich high-molecular weight chitosan was used for all applications. Pentasodium 

tripolyphosphate (TPP) was supplied by Aldrich Chemical (St. Louis, MO). A 

LABCONCO freeze dryer (model LYPH-LOCK 6) was used to lyophilize samples. 

Porosity and surface area tests were performed using a h4icrometrics Gemini 2360 

Surface Area Analyzer. Coming, six-well tissue culture plates were supplied by VWR 

Scientific (Bridgeport, NJ). The wells of the tissue culture plates have a 9.4 cm2 area and 

a working volume of 16.8 ml. Samples were weighed using an OHAUS 1 10 g scale 

(Explorer model) with an accuracy of 0.1 mg. 

The following procedure outlines a method for the formation of a 1.5% chitosan 3-D 

matrix by ionotropic gelation with TPP and subsequent lyophilization. A solution of 

1.5% chitosan (wlv) in 1.5% acetic acid was prepared similar to methods described in 

Chapter 3. The 1.5% solution was used because it was viscous enough to retain the shape 

of the mold without significant disruption during the addition of the TPP for gelation. 



Lower concentrations were prone to mixing upon addition of the TPP, which changed the 

final shape of the gel from a cylinder to one with irregularity. Five ml of the chitosan 

solution was added to each of 6 wells of a tissue-culture-grade polystyrene plate. Each 

chitosan solution was gently covered with 5 ml of 10% TPP (vlv) to cause ionotropic 

gelation, with care taken not to disrupt the chitosan solution through shear forces. The 

TPP was gently added by slowly decanting along the side of the multiple-well in which 

the chitosan was placed. The TPP-chitosan remained at room temperature for 24 hours to 

ensure complete dissolution of the TPP into the chitosan solutions. Visual inspection of 

the gel indicated the TPP slowly diffised downward into the chitosan solution, identified 

by the interface between the gel and the clear chitosan solution. The TPP was aspirated 

after 24 hours, and the resulting gelled matrices of chitosan conformed to the cylindrical 

shape of the polystyrene dish (34.8 mm diameter). These chitosan gels were milky-white 

in appearance and swollen. 

The gelled chitosan matrices were gently covered with 5 ml of 0.3 N NaOH, and let 

stand for 24 hours at room temperature. This caustic treatment was performed to 

neutralize any residual acetic acid that may be present in the gel. The caustic was 

aspirated 24 hours after addition and the gel was rinsed by gently adding 5 ml distilled 

H 2 0  (dHzO) in the same manner as previously outlined for the TPP. After 24 hours, the 

dH20 rinse was aspirated and repeated for another 24 hours. The long rinse times were 

employed to ensure that the caustic and d ~ ~ d  could completely penetrate the gelled 

chitosan matrix. The dH20 was aspirated and the chitosan samples placed in a -20 "C 

freezer for 12 hours. The frozen chitosan gels were then placed in a freeze dryer at a 

maximum temperature of -40 "C and pressure of 33 x 1 oe3 mBar for 40 hours. The 



resulting 3-D matrices were white, flaky and cylindrical. Thin disc shaped layers could 

be peeled from the cylinder-shaped matrices. A schematic for the experimental 

procedure is depicted in Figure 27. 

Figure 27. Steps for forming 3-D chitosan matrix 

Step 1. 5 ml Step 2. 5 ml 10% TPP Step 3. 5 m10.3 N Step 4. Two 
chitosan solution in placed on chitosnn NaOH added to rinses with 5 ml 
I of 6 wells of tissue solution to induce neutralize acetic distilled water for 

culture plate gelling for 24 hours acid for 24 hours 24 hours each 

Gel frozen at -20 OC 
for 12 hours 

* 
Frozen gel matrix 

lyophilized at -40 "C 
and 33 x 104 mBar 

(maximum 
temperature and 
pressure) for 40 

hours 

Final 3-D matrix 

+ -  
Legend 

Chitosan solution and gel 

h3 10% TPP 

0.3 N NaOH caustic 

Distilled water rinse 

a Final 3-D chitosan matrix 

The physical properties of surface area and the porosity of the 3-D matrices were 

measured to characterize the samples and used to confirm the reproducibility of the 

matrix forming procedure. For surface area and porosity measurements, approximately 

0.1 grams of cross-linked sample was obtained by breaking off small pieces of the matrix. 

The testing apparatus utilized a glass tube requiring small sample pieces. The 0.1 grams 

of sample were tared. and degassed with nitrogen for 1 hour at 100 "C to remove any 

moisture or gases from the sample with a Micrometrics Gemini 2360 Surface Area 

Analyzer. The weight of the sample was measured after degassing and used for the 

calculations. Surface area and porosity tests were performed in duplicate. The first test 

was a five-point surface area test. The analyzer measured the amount of nitrogen 

adsorbed by the samples at five partial pressures (PIPo) from 0.1 to 0.5, and used this 



data to estimate the total pore volume and surface area by BET method 21. The second 

test measured a complete adsorption isotherm over the partial pressure range of 0.0001 to 

0.7. The adsorption isotherm was used to estimate the pore size distribution within the 

sample using the Horvath-Kowazoe method which estimates pore radius as a function of 

partial pressure S9. An effective pore diameter was estimated based on the volume of 

nitrogen gas absorbed at each partial pressure of the isotherm. The pore size distribution 

was estimated by correlating the change in volume and rate of nitrogen gas adsorbed by 

the sample at each partial pressure point of the adsorption isotherm to the effective pore 

size diameter of the chitosan matrices. 

A preliminary cell-culture compatibility study was performed. Thin discs were 

separated from the 3-D chitosan matrix and placed in sterile Coming six-well tissue 

culture plates. The chitosan samples were approximately 0.5 rnm thick, which enabled 

viewing of through the sample nith a phase contrast microscope. Samples were 

conditioned in five ml DMEM +10%CS + 100U/ml pen-strep for 24 hours at 37 OC in an 

incubator with 95% relative humidity and 5% C02. The medium was aspirated, and 5 ml 

of 2.0 x lo4 cells/ml were added to each 3-D chitosan-containing well. The cell 

concentration added was 1.0 x 10' cells per well. The subsequent attachment and growth 

of NIH 3T3 fibroblasts on the 1.5% chitosan matrices was visually observed. 

The surface free energy of the 3-D matrices was not estimated. Because of the 3-D 

nature of these samples, the method for d e t e r k i n g  the surface free energy of the 

samples with contact angle measurements is not applicable, as the fluids applied will 

adsorb into the sample and are not measurable according to techniques outlined in 

Section 3.2.4. Another method is available to estimate the surface free energy of 



substrates, which correlates the spreading of fibroblasts to the substrate SFE. Fibroblasts 

have been shown to spread to different extents based on the SFE of the substrate on 

which they attach 201 222. The SFE of fibroblasts can be estimated indirectly by 

experiments characterizing the spreading of fibroblasts on substrates with various SFEs 

20 1 . The SFE of the fibroblasts are estimated assuming an analogy between liquid-solid 

and cell-solid interactions 222. Thus, an indirect correlation between the extent of 

fibroblast spreading on the 3-D matrices and the 3-D matrix SFE could provide 

estimation for the SFE of these materials. 

Another important characteristic of a 3-D implantable biomaterial is its degree of 

cross-linking. A high degree of cross-linking can reduce a material's conformational 

mobility 1 7 '  as well as inhibit fibroblast attachment, spreading and growth 232. 

Additionally, the degradation rate of 3-D chitosan matrices depends on the degree of 

crosslinking as well as the pH of the culture medium 74. One indicative property of the 

degree of cross-linking of a matrix is the denaturation temperature (Td) 17'. An increase 

in degree of cross-linking corresponds to an increase in Td. The denaturation 

temperature can be determined with differential scanning calorimetry 

5.3. Results and Discussion 

The resulting chitosan matrices were very light and fluffy, white and cylindrical in 

shape. After freeze-drying, the gels had decreased approximately 37% in volume from 

the original cast dimensions, to an approximate 30 mm diameter and 4.5 mm height, 

weighing approximately one gram. The average surface area of the 1.5% cross-linked 

chitosan samples was 0.67 + 0.3 rn2/g. No data was available from literature on the 

surface area of 3-D chitosan matrices. The standard error associated with this parameter 



is very high, at about 45% of the mean value. This is too high to consider this result 

accurate with high confidence. The high standard error of the sample surface areas is a 

result of testing only two samples. The two samples were tested in duplicate for the 

determination of the surface area. Performing more measurements on various samples 

should decrease the standard error associated with this value. 

The average porosity of the samples was 4.8 x f 2 x cm31g. The standard 

error of the average porosity is below 1% of the mean porosity. This average value and 

low error indicate that the 1.5% chitosan matrices have similar porosities and were cast in 

a reproducible manner. The error is reduced from that of surface area measurements 

because 40 pressure measurements were taken over the partial pressure range of 0.000 1 

to 0.7 for the determination of the adsorption isotherm, and the sample porosity was 

estimated at all partial pressures. The samples were tested in duplicate, further reducing 

the standard error associated with the porosity. A study by Bodmeier " characterized 

chitosan beads formed by a similar technique as that described above. A 1% chitosan 

solution (wlw) dissolved in 1% acetic acid (vlv), containing 1% drug (wlw) was gelled by 

adding the solution drop wise to TPP solutions of concentrations ranging between 0.5 and 

10% (4"). Scanning electron micrograph (SEM) images indicated these matrices to 

possess pores approximately 5-20 pm in diameter. The gelling process was almost 

instantaneous with the Bodmeier study, whereas the gelling process took several hours 

with the process presented here. Another study reported chitosan ascorbate gels to 

possess a honeycomb structure with pores between 1- 15 pm by SEM analysis 1 6 ' .  Also, 

chitosan-PVA membranes, prepared by immersing a film of chitosan-PVA into a 

coagulation bath had 5- 15 pm pores, as indicated by SEM imaging 37. 



The porosity of the 3-D samples is very low at 4.8 x 10" * 2 x lo" cm31g. The test 

matrices occupying an approximate 0.7 cm3 volume weighed approximately one gram. 

Based on the porosity estimation by the Micrometries Gemini 2360 Surface Area 

Analyzer, the resulting volume occupied by the pores is less than 1% of the total volume 

of the sample. This data indicates that these matrices are not porous. These matrices 

may exist in a "sponge" like form. The matrix has an expanded structure, but there are 

negligible pores within this structure. This is also indicated by the large amount of the 

1.5% chitosan sample required to achieve the 0.1 grams of sample used for the surface 

area and porosity tests. The estimated pore size distribution of the 1.5% chitosan matrix 

is depicted in Figure 28. 

Figure 28. Pore size distribution of 3-D chitosan matrix 

Effective Pore  Size (nm) 

The respective peaks indicated at 1 3 ,  1.8,2.7, 3.4 and 5.7 nm indicate pores with 

these effective diameters. These results should not be considered accurate estimates of 
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the pore size distribution of the 1.5% cross-linked chitosan matrix because they are at and 

below the limits of the testing apparatus, which is approximately 5-10 nm. Also, these 

results support the low estimated porosity estimation and visual observations indicating 

that there was little or no pores structure in these matrices. The magnitude of the pore 

sizes indicated is much too small to allow NIH 3T3 fibroblasts or essential nutrients to 

migrate within this matrix 161 15 37 . To further confirm the microstructure of these 3-D 

matrices, SEM imaging should be employed. 

Other methods for forming 3-D chitosan scaffolds with mean pore diameters 

ranging between 1 to 250 pm were described by Madihally and Matthew '29. These 

methods are discussed in detail in Chapter 7. Scaffolds should have pores with cellular 

dimensions (greater than 10 pm) to allow for cellular migration and interaction, while not 

interfering with the diffusion of hormones, nutrients and metabolites into the matrix to 

provide nourishment and initiate cellular responses 212. The porosity of a matrix also 

depends on the intended replacement tissue. The freezing conditions for the development 

of 3-D sponges described in section 5.2 can be varied to study the effect on the pore 

structure of these sponges. Another technique for forming porous 3-D matrices is 

porogen leaching. This process involves developing a chitosan gel structure containing 

small particles such as salts. These particles are subsequently removed from the matrix 

by leaching, resulting in the formation of pores in place of the particles. 

A preliminary experiment showed that NIH 3T3 fibroblasts were attaching and 

growing on the outer surfaces of 1.5% 3-D chitosan matrices. The NIH 3T3 fibroblasts 

were observed to attach, spread and proliferate on the surface of these thin chitosan discs 

with a phase contrast microscope. The fibroblasts were not observed to migrate into 



these matrices, and only attached to the external surface of the matrices. This is probably 

a result of the small or non-existent pore size distribution of the 1.5% chitosan matrices. 

5.4. Conclusions 

The 1.5% chitosan matrices were formed with very similar porosities. The low error 

with this parameter indicates that 3-D matrices were formed in a reproducible manner. 

The surfaces of thin discs of the 3-D matrices supported NIH 3T3 cell attachment, 

spreading and proliferation as indicated by visual observation of cells on these samples. 

This method for 3-D matrix formation results in sponge-like matrices with very low 

porosities. 

Future attempts to develop porous scaffolds from the gels described by the 

procedure in Section 5.2 might utilize some of the freezing methods described by 

Madihally and  att thew"^, which are discussed in detail in Chapter7. In brief, a 

modification of the freezing conditions may introduce pores into a non-porous material, 

resulting in a structure with pores that possess a non-porous outer membrane. A 3-D 

matrix with controlled porous and non-porous components may have greater structural 

integrity than a completely porous matrix. Further characterization of porosity of 

samples should include SEM imaging. These tests provide a clear picture of the pore size 

and structure of porous matrices. Also, future experiments should attempt to characterize 

the SFE of 3-D matrices through cell spreading experiments. This will be discussed in 
I 

further detail in Chapter 7. 



Chapter 6 

CONCLUSIONS 

6.1. Chitosan Film Formation and Characterization 

6.1.1. 2-D Film Formation 

The 0.5% and 3.0% chitosan films were cast with reproducible tensile properties 

as indicated by the low standard errors of the mean values in Table 1. The 1.5% chitosan 

film had very high standard errors for most of the film properties, and was not considered 

for observation of trends in tensile properties with varying chitosan concentration. One 

possible reason for the variability in the thickness of the 1.5% chitosan films may be 

because these films were produced earlier in the project, and the protocol was not as 

refined as for later film production. Also, the glass support on which the films were cast 

might not have been completely leveled, resulting in an uneven film. The dry-tested 

Young's modulus of elasticity of chitosan films does not show an increase with 

increasing chitosan concentration as previous researchers have suggested with wet films. 

Another study partially confirms our observation of no trend in Young's modulus of 

elasticity with the dry tensile strength through testing of the degree of polymer N- 

acetylation and dry tensile strength I'". Because of the variable tensile properties of the 

1.5% chitosan films, a trend still might exist between chitosan concentration and the dry- 

tested Young's modulus of elasticity. The wkt tensile properties of the films should also 

be investigated. 



6.1.2. Surface Roughness of Films 

The chitosan films cast on the glass support all displayed similar average roughness 

values. The Ra values were greater when mounted on tape for testing compared to when 

tested on a completely smooth surface. These Ra values were approximately one order of 

magnitude lower than texture dimensions shown to affect attachment, orientation and 

spreading. All concentration films were considered to be smooth. The solution 

concentration doesn't appear to affect the surface roughness of films cast on glass 

supports. The 3.0% chitosan films cast on lexan had parallel groove dimensions similar 

to those machined into the support for casting. These dimensions were on the pm scale 

suspected to influence cellular behavior. The average Ra values were very similar for 

equal concentration films with very low standard error in mean value, indicating that the 

films were cast in a reproducible manner. 

6.1.3. Surface Free Energy Estimation by Contact Angle Measurement 

The WIA contact angles of the three concentration chitosan films are in the reported 

optimum range of 60-90 degrees to support maximum cell adhesion2". All concentration 

chitosan films as well as polystyrene controls should support cell attachment and 

adhesion based on the reported WIA contact angles. The estimated SFE of the untreated 

chitosan films is in a range shown to promote fibroblast spreading203. Thus, all of these 

substrates should support the adhesion and spreading of 3T3 fibroblasts. 

Exposing the 1.5% and 3.0% chitosan films to UV-IR radiation for varying times 

can change the increase SFE of the films. This may be due to crosslinking of the chitosan 

films due from the UV radiation. Also, the sterilization process may be changing the 

degree of deacetylation of the chitosan films, which may result in an increase in the 



overall film SFE. These results suggest the possibility for optimizing cell spreading and 

growth of 3T3 fibroblasts on these chitosan films by changing the increasing SFE. 

Fibroblast spreading is greatest on substrates with surface energies greater than 55 

7 '03 erg/cm2 (mJ1m')- . Further study of this behavior with SFE and UV-IR sterilization 

should include more time points between 0 and 12 hours of UV-IR treatment, as well as 

longer sterilization times. Experiments should be performed on films exposed to UV-IR 

radiation for times longer than 24 hours to determine whether the SFE of the chitosan 

films will continue to increase or approach an asymptotic value. Also, the effects of the 

UV and IR radiation should be studied separately. The treatment of films with 1R 

radiation is not expected to significantly effect the films, because it is a low energy 

treatment. 

6.1.4. Degree of Deacetylation 

The degree of deacetylation for chitosan was characterized with FTIR measurements. 

The DDA of the Aldrich chitosan was best characterized using a modified baseline 

technique that was modeled after that outlined by Gupta and ~ u m a r ' ~ .  This technique 

gives accurate estimations of the DDA of chitosan samples. The DDA of chitosan 

samples sterilized nith UV-IR should be estimated with this technique to determine 

whether the sterilization process is affecting the DDA of the films. 

6.2. Cell Culture Experiments 
I 

6.2.1. Growth Cycle 

The NIH-3T3 fibroblasts display the standard phases of cell growth, as depicted 

in Figure 19. The PDT and SD are important indicators of baseline NIH-3T3 cell 



behavior. These parameters can be used to determine the seeding densities and sampling 

times of experiments on the attachment and growth of NIH-3T3 fibroblasts on chitosan 

films and conuois. The SD and PDT should be used as a baseline for comparison to 

subsequent experiments of NIH-3T3 attachment and gronth. 

6.2.2. Attachment Experiments 

All substrates support the attachment of NIH-3T3 fibroblasts. The polystyrene 

controls support greater fibroblast attachment than the 1.5% or 3.0% chitosan films. The 

0.5% chitosan films and the polystyrene controls exhibit very similar attachment 

behavior. The rate of attachment for the 0.5% chitosan film and controls within the first 

20 minutes is much greater than that for the next 40 minutes, indicating the attachment 

process to be very fast. The majority of fibroblasts that will attach do so within the first 

60 minutes of inoculation. These results in conjunction w-ith the WIA contact angle data 

from chapter 3 indicate that the WIA contact angle of chitosan films may be an indicator 

for the degree at which they will support fibroblast attachment, with lower WIA's 

implying better fibroblast attachment. 

Based on the 95% confidence intervals of attachment data, the 0.5% chitosan films 

and the untreated polystyrene controls exhibit similar attachment and should not be 

considered statistically different. The 1.5% and 3.0% films supported similar cell 

attachment, at lower rates than the 0.5% filmor controls. A higher variability in the 1.5% 
I 

films compared to other concentrations or controls was not observed, as was reported for 

this films tensile properties, water-in-air contact angle and surface free energy in Chapter 

3. Thus, the variability noticed in the physical parameters of the films doesn't appear to 

affect their biological function. Fibroblasts did not attach to grooved 3.0% chitosan films 



cast on Lexan. Reasons for this are probably related to the Lexan support on which films 

were cast. Because the Lexan could not be autoclaved for sterilization, the resulting films 

cast on this support most likely contained contaminants from the support, which were 

toxic to cells. Future experimentation ~vith a grooved film should utilize a support that 

can be autoclaved for sterilization. Lexan is not a suitable material for casting chitosan 

films. 

6.2.3. Growth and Spreading Experiments 

The chitosan films cast on glass support the growth of NIH-3T3 fibroblasts. The 

number of cells that will attach and grow during the first 12 hours in culture was lower 

than the number of cells that will attach to the films in the first 60 minutes. This may be 

due to cells initially attaching to the chitosan films but not subsequently spreading or 

growing. This is an interesting result indicating that even though the chitosan films u-ere 

shown to support over 50% cell attachment within the first 60 minutes of inoculation, 

only a fraction of those cells attached actually continued to proliferate. This indicates 

that many initially attached cells did not grow and detached from the films. 

The fibroblasts begin exponential growth on polystyrene controls after 12 hours in 

culture and on chitosan films after 24 hours in culture. This may represent the time 

required for viable attached fibroblasts to secrete ECM proteins which encourage 

subsequent proliferation. These results agree, with previous studies which indicated that 

after 24 hours in culture, fibroblasts will have produced enough of their own ECM 

proteins to continue growth at rates comparable to other substrates 'j. Once in the 

exponential growth phase, fibroblasts cultured on chitosan films displayed slightly longer 

PDT's than ones cultured on polystyrene controls. 



The chitosan films support the attachment, subsequent spreading and growth of 

NIH-3T3 fibroblasts. This data confirms the WIA and SFE data of Chapter 3 which 

indicated that all films and controls should support cell functions of attachment, 

spreading and growth. The NIH-3T3 fibroblasts initially attach to the films and controls 

in a random orientation, confirming the hypothesis that the Ra of the films would not 

affect the orientation of cells during attachment. The fibroblasts appear to prefer growth 

in colonies on all concentration chitosan films, which may be a result of increased 

collagen and fibronectin production by fibroblast colonies. This observation is very 

important, because these aggregates can be correlated to cell-cell interactions, cell 

differentiation, viability, migration and subsequent tissue formation. The aggregation of 

cells resembles the cell-cell interactions typically found in tissues, and cell function and 

survival can be improved in aggregate cultures. Also, chitosan films promoting these 

aggregates indicate potential tissue engineering aspects of these films, as they may act to 

enhance tissue function 19'. 

6.3. 3-D Scaffold Formation 

The 1.5% chitosan matrices were formed with very similar porosities. The low error 

with this parameter indicates that 3-D matrices were formed in a reproducible manner. 

The surfaces of thin discs of the 3-D matrices supported NIH 3T3 cell attachment, 

spreading and proliferation as indicated by visual observation of cells on these samples. 

This method for 3-D matrix formation results in sponge-like matrices with very low 

porosities. 

Future attempts to develop porous scaffolds from the gels described by the 

procedure in Section 5.2 might utilize some of the freezing methods described by 



Madihally and  att thew"', which are discussed in detail in Chapter7. In brief, a 

modification of the freezing conditions may introduce pores into a non-porous material, 

resulting in a structure with pores that possess a non-porous outer membrane. A 3-D 

matrix with controlled porous and non-porous components may have greater structural 

integrity than a completely porous matrix. Further characterization of porosity of 

samples should include SEM imaging. These tests provide a clear picture of the pore size 

and structure of porous matrices. Also, future tests should attempt to characterize matrix 

SFEs with cell spreading experiments. 



Chapter 7 

RECOMMENDATIONS FOR FUTURE WORK 

7.1. Introduction 

The results of this project indicate that NIH 3T3 fibroblasts will attach and grow 

on 2-D chitosan films. These results also indicate that the 2-D films were formed in a 

reproducible manner. One important chitosan film parameter characterized was the SFE 

of the films. This study indicates that treatment of films with UV-IR radiation can 

increase the overall SFE depending on the treatment time. The SFE has been identified 

as an important parameter corresponding to cell function on a substrate. The SFE of a 

substrate can affect cellular adhesion, spreading, migration and proliferation. This study 

briefly describes a method for the formation of non-porous 3-D chitosan sponges. This 

chapter suggests possible future experiments for the characterization of chitosan scaffolds 

for cell culture applications. 

7.2. 3-D Scaffold Formation 

The 3-D chitosan sponges developed in this project did not possess a significant 

pore structure. Cells were observed to attach and grow on the surfaces of these sponges, 

but not within the sponge matrix. For an implatation application, matrices should be 

porous (with pore dimensions greater than 10 pm) to allow for cellular migration and 

interaction, while not interfering with the diffusion of hormones, nutrients and 

metabolites into the matrix, which provide nourishment and initiate cellular responses 2'2. 

Further studies should be performed to develop chitosan sponges using ionotropic 

gellation with pore structures that optimize cell attachment, spreading, grom-th and 

migration. 



Madihally and ~ a t t h e w l * ~  began preliminary investigations on the development 

of porous 3-D chitosan scaffolds using techniques similar to those described in chapter 

5.2. These techniques appear promising for the development of scaffolds suitable for cell 

culture experiments. The resulting matrices had controlled mean pore diameters between 

1-250 pm depending on the chitosan concentrations used as well as the freezing 

conditions of the method. These matrices also exhibited versatility with respect to 

controlling the overall scaffold shape. The results of Chapter 5 indicate that the 1.5% 

chitosan sponges had negligible porosities. Thus, a modification of the freezing 

conditions may introduce pores into a non-porous material, resulting in a structure with 

pores that possess a non-porous outer membrane. A 3-D matrix with controlled porous 

and non-porous components may have greater structural integrity than a completely 

porous matrix. 

The techniques of Madihally and Matthew are briefly summarized here. Bulk 

scaffolds were prepared by freezing and lyophilizing chitosan solutions in pre-cooled, flat 

bottomed glass tubes. Freezing was accomplished by immersing the tubes, containing 

chitosan solution, in freezing baths maintained at -20 OC, -78 OC, and -196 "C. The 

samples were then lyophilized until dry. Planar scaffolds were formed by freezing 

chitosan solutions in polystyrene petri dishes. The dishes mere placed with their bottom 

surfaces in contact with either liquid nitrogen or a dry ice slab (-78 OC), resulting in pores 

forming perpendicular to the sample plane. Also, pores approximately parallel to the 

sample plane were formed by filling a polystyrene mold with a chitosan solution 

followed by slow immersion into liquid nitrogen. After freezing, molds were opened to 

expose one frozen surface then lyophilized. Porous tubular scaffolds were formed by 



injecting 1 or 2 wt % chitosan solutions into the annular space between concentric 

silicone or PTFE tubes and frozen by direct contact with dry ice (-78 OC). The outer tube 

was then removed and the assembly lyophilized. This method for porous tubular 

scaffolds was modified to create porous tubes with a non-porous inner membrane, by first 

coating the inner silicone tube with a chitosan film by dipping it into a 2% chitosan 

solution, gelling the film by brief immersion in an aqueous ammonia solution and drying 

at air temperature. Finally, the annular mold was assembled using the coated inner tube, 

filled with chitosan solution and processed as described above for porous tubulat 

scaffolds. All lyophilized scaffolds were rehydrated and stabilized in either dilute NaOH 

or an ethanol series. Scaffolds were finally equilibrated with PBS 129. These scaffolds 

were characterized with tensile testing, light and electron microscopy. 

These methods provide a technique with control over the mean pore diameters 

within the range of 1 to 250 pm through variation of the freezing conditions, with lower 

freezing temperatures resulting in matrices with lower mean pore sizes. Also, the use of 

higher chitosan concentrations resulted in lower mean pore sizes. Hydrated porous 

samples exhibited extensions twice that as non-porous membranes under tensile 

conditions. The elastic moduli and tensile strengths of these membranes were about 

tenfold lower than non-porous membranes 

7.3. Surface Free Energy Experiments 
I 

The results of Chapter 3 indicate that exposing the chitosan films to UV-IR radiation 

for varying times can increase the SFE of the 1.5% and 3.0% films. Future study should 

further investigate the trends in the effects of UV-IR sterilization on the SFE of 2-D and 

3-D chitosan materials. The goal would be to maximize the SFE of the chitosan-based 



materials to improve fibroblast attachment, spreading and growth. The 2-D films can be 

studied with contact angle experiments similar to those outlined in Chapter 3. Studies on 

the SFE of 3-D films should be performed via fibroblast spreading experiments. A 

relationship between fibroblast spreading and substrate SFE can be established with 
I 

substrates of varying SFE's. This relation could then be used to estimate the SFE of a 

porous matrix based on the extent of fibroblast spreading. 

The effects of the UV treatment and the IR treatment on the films should be studied 

separately, because the UV treatment and the IR treatment might have unique effects on 

the overall SFE of chitosan films. Futher testing on tensile properties of films should be 

performed to characterize this proposed effect of UV and IR treatment on chitosan films. 

Any change in film properties due to UV or IR sterilization might be reflected in the film 

tensile properties. The effect of the ~vavelength of UV and IR radiation on the SFE of the 

chitosan films should also be investigated. 

Other factors, including the film thickness, exposure time, distance from lamps to 

samples might also be considered. The thickness of the films might affect the respective 

change in SFE based on which side of the film is exposed to the UV-IR radiation. The 

exposure time was shown to be a key in the change in film SFE over time, so a more 

detailed study of these effects within the first 24 hours of treatment as lvell as for times 

greater than 2 1  hours should be investigated. Also, the distance that the UV-IR lamps are 

placed from the chitosan samples may have an effect on the change in SFE over time. 

There is currently a lack of information on the effect of sterilization on the SFE of 

chitosan films and matrices for tissue engineering applications. 



7.4. Adhesion Experiments 

The adhesion of a cell to a substrate is a very important characteristic. Certain 

tissue engineering applications require biomaterials to promote as well as inhibit cell 

contact. One example lies in the design of antithrombogenic grafts. Cell attachment is 
I 

needed to seed endothelial cells on the inner wall to create a natural lining, while the 

inner lining should not allow the attachment of platelets or erythrocytes 46. This may be 

achieved by introducing a specific attachment protein onto the chitosan substrate that is 

selective to endothelial cells by protein adsorption. The strength to which a cell can 

adhere to a substrate can affect its subsequent migration. A weak or moderate strength of 

attachment favors cell migration, and a strong attachment tends to immobilize the cell 192. 

Cell adhesion experiments can be undertaken to investigate the strength of cellular 

attachment to various substrates. 

One method to measure the force of cell adhesion utilizes radial flow detachment 

with a spinning disc, where fluid is circulated from the center to the periphery of the 

chamber radially, so that the shear force imparted on cells decreases with radial position 

from the center to the edge of the disc. This set up is useful because a range of shear 

forces on the attachment of cells can be studied simultaneously 87.  Another method for 

measuring cellular adhesion utilizes a parallel-plate flow chamber. This method utilizes a 

chamber in which cellular adhesion can be studied by exposing cells to a range of shear 

forces resulting from fluid passing through the chamber at different rates 197. One study 

developed a parallel-plate flow chamber in which the cellular behavior could be 

continuously observed and recorded with a microscope connected to a video camera. The 



detachment of adherent human skin fibroblasts on poly(methy1methacrylate) was shown 

to depend on time and shear stress 223. 

7.5. Spreading Experiments 

Another important fbnction of NI,H 3T3 fibroblasts is the extent of cell spreading on 

a substrate. Cell morphology, indicated by its spreading, is one index identifying cell 

behavior 2 1 1 .  Experiments can be performed to characterize this important cellular 

parameter. Photographs of the cells can be taken at various times, and an image analysis 

software, such as Image-Pro Plus version 4.1, can be used to estimate the spreading area 

of individual cells. These images can be used to compare the influence of different 

substrates on cell spreading. A parallel-plate flow chamber or spinning disc apparatus 

can be fabricated to enable the study of cells under a characterized shear force as 

previously mentioned in section 7.4, which can also be related to the extent of cell 

spreading. 

7.6. Protein Adsorption and Serum-Free Experiments 

Serum proteins can greatly influence the attachment, spreading and growth of cells 

on a substrate. A damaged tissue will possess a significant amount of proteins due to the 

inflammatory stages of wound repair in vivo. The addition of serum to cell culture 

medium in vitro assists the cells in initial attachment and growth on substrates through 

protein adsorption by the substrate. Most substrates will adsorb a layer of serum proteins 

after a very short time of exposure to these proteins, both in vitro and in vivo. Thus, it is 

important to characterize the extent to which a biomaterial used for tissue culture 

applications will adsorb proteins in vitro and in vivo. A material that has a higher affinity 



for protein adsorption may promote greater cell attachment, spreading and growth than 

one with a low protein adsorption capability. Methods for the characterization of extent 

of protein adsorption by chitosan films and matrices include IR spectroscopy. This 

procedure uses IR light at a glancing incidence to the sample plane, which is reflects back 

so the intensity of the light can be mezisured. The adsorption of thin protein layers n i l 1  

affect the returning IR light intensity 126. Alternatively, a protein assay could be 

perfomled on a solution of proteins after detaching from the subtrate with the aid of an 

enzyme such as trypsin-EDTA to characterize the extent of protein adsoprtion. 

Also, experiments should be performed in serum-free conditions to understand how 

the cells alone interact with the substrate without the aid of serum proteins for processes 

of attachment, spreading and growth. This gives an understanding of the surface 

properties of the substrate. A successful implantable biomaterial should exhibit 

properties favorable for fibroblast attachment to the substrate in the absence of serum 

proteins, but should also exploit the adsorption of serum proteins when present to 

maximize cell attachment, spreading and growth. 

7.7. Modify Substrates with Proteins and Growth Factors 

Another desirable trait for an inlplantable biomaterial is its potential for 

modification by the addition of bioactive molecules. An example of surface modification 

of a polymer to increase cell attachment and growth is glow-discharge treatment of 

polystyrene to increase the number of charged groups on the surface and the polymer's 

overall hydrophobicity 3. Studies can be performed regarding the ability of chitosan films 

and matrices to sustain modification by the addition of growth factors or attachment 

proteins, which enhance cellular function. One possible study would investigate the 



potential for fibronectin, or specifically the RGD attachment sequence, to be added to 

chitosan films or matrices by adsorption. The addition of specific growth factors and 

attachment proteins can greatly affect the function of cells, including the attachment, 

spreading, gromth and differentiation of cells. 

Examples of modifications of chitosan biomaterials include the anticoagulant 

membranes for blood ultra-filtration prepared by immobilizing important biological 

molecules like heparin on chitosan 30. Also, the biodegradation of chitosan linked to 

BMP led to the controlled release of BMP. Quantitative measurement of the form of the 

tissue around the chitosan showed that bone tissue regeneration in a surgical bone defect 

is improved using this special chitosan 160. Another study used chitosan gels to model the 

controlled release of bovine serum albumin (BSA) I*'. Furthermore, controlled-release 

studies of BSA from chitosan-alginate membranes have shown chitosan's potential for 

the delayed release of a protein "j. These studies indicate chitosan has great potential to 

stimulate wound healing, which can be further enhanced by modifying the polysaccharide 

with proteins. 

7.8. Summary 

The current research has illustrated chitosan's ability to support NIH 3T3 fibroblast 

attachment, spreading and growth in 2-D culture applications. Because of the promise of 

2-D chitosan films for cell culture applications, future research should further explore the 

potential of this polysaccharide for 3-D implantable tissue engineering applications. 

Some experiments that could be performed include further study of the relationship 

between SFE and UV-IR sterilization of films. Also, 3-D chitosan matrices should be 

characterized and investigated for NIH-3T3 fibroblast attachment, spreading and growth 



as well as with other tissues vital to wound repair. These films and matrices may be 

modified with proteins and growth factors, which can improve the attachment, spreading 

and growth of cells, thereby improving the wound healing capability of these materials. 

Future cell culture experiments should include adhesion experiments to characterize the 

strength of cell adhesion to these subsirates, cell spreading experiments and serum-free 

experiments to understand how the substrates alone are interacting with cells without the 

aid of attachment proteins. 
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Appendix A. Statistical Methods 

Common statistical methods were applied to the experimental data of this report. 

The common values reported are the average and the standard error. The mean, standard 

deviation and standard error were all calculated according to the following equations: 

A 1. Mean value 

- X, + X, + ... + X,, 
Average = X = 

n 

where XI = measurement 1, and n is the number of measurements. 

A 2. Variance 

- 
I(x, -xp +(x2 -xp +...+(x " -FYI 

Variance = s2 = 
(n - 1) 

A 3. Standard deviation 

Standard deviation = s = @ 

The coefficient of determination (R2) was used to compare the linear relationship 

between two variables (X and Y). The equation used to calculate R~ is as follows: 

A 4. Coefficient of determination 

f \, 



The standard error is reported in 3-5 was calculated from equation A S  

A 5. Standard error 

S Standard Error = - 
J;; 

I 

The standard error is calculated under the assumption that the distribution of sample 

values follows a standard bell curve. The standard error is an estimation of the error of 

the mean. 

The 95% confidence intervals for the mean value p, were estimated fiom the 

Equation A.6. 

A 6. Confidence interval for mean p 

- (I-a) = confidence interval 
- <pI, = mean with a given confidence interval 
- b = standard normal variate with cumulative probability levels of af2 and 

(1 4 2 )  respectively 

The standard normal variate, b is given by Equation A.7 and determined from a table 

of normal probablility. For 95% confidence, = 1.96. 

A 7. Standard normal variate 
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Appendix B. Bradford Assay for Measurement of Total Protein Concentrations 

The Bradford assay utilizes the following materials: 

Dye Stock: Coomassie Blue G (C.I. # 42655) (100 mg) is dissolved in 50 mL of 

methanol. (If turbid, the solution is treated with Norit (1 00 mg) and filtered through a 

glass-fiber filter.) The solution is addid to 100 mL of 85% H3P04, and diluted to 200 mL 

with water. The solution should be dark red, and have a pH of 4 .01.  The final reagent 

concentrations are 0.5 mg/mL Coomassie Blue G, 25% methanol, and 42.5% H3P04. 

The solution is stable indefinitely in a dark bottle at 4 OC. 

Assay Reagent: The assay reagent is prepared by diluting 1 volume of the dye 

stock with 4 volumes of distilled H20. The solution should appear brown, and have a pH 

of 1.1. It is stable for weeks in a dark bottle at 4 OC. 

Protein Standards: Protein standards should be prepared in the same buffer as the 

samples to be assayed. A convenient standard curve can be made using bovine serum 

albumin (BSA) with concentrations of 0,250,500, 1000, 1500,2000 pg/mL for the 

standard assay. 

The following method describes the standard protein assay procedure used for the 

determination of the total protein content of cell suspensions (200-2000 pg/mL protein): 

Prepare six standard solutions (1 mL each) containing 0,250,500, 1000, 1500 

and 2000 pg/mL BSA. Set the spectrophotometer to collect the spectra at 595 nm and 

over and absorbance range of 0 to 2 Absorbance units. Use a 4 mL plastic cuvette filled 

with distilled water to blank the spectrophotometer over this wavelength range. 

- Empty the plastic cuvette into a test tube and shake out any remaining liquid. 

Then add in the following order; 



o 2.0 mL Assay reagent 

o 40 pL of protein standard solution, starting with the lowest protein 

concentration and working up, or one of the samples to be assayed. 

o Mix thoroughly. 

- Record the absorbance spectmh of the sample at 595 nm. 

- Repeat the steps above for each of the protein samples and for the samples to be 

assayed. 

Examine the spectra of the standards and samples. If any spectrum has an 

absorbance at 595 nm greater than 2 A, dilute the sample by a known amount and repeat 

the assay. Prepare a graph of Absorbance at 595 nm vs. protein concentration for the 

BSA protein standards. Examine the graphed points and decide if any should be rejected. 

(Often a single point can be rejected without invalidating the standard curve, but if more 

than one point appears questionable the assay should be repeated.) The Bradford assay 

gives a hyperbolic plot for absorbance versus protein concentration, but within a range of 

relatively low protein concentrations, the hyperbolic curve can be approximated 

reasonably well by a straight line. Use a best-fit straight line to fit the points if you feel it 

will give a good fit. If not, draw a smooth curve that falls on or near each of the data 

points. 

To determine the protein concentration of a sample from its absorbance, use the 

standard curve to find the concentration of standard that would have the same absorbance 

of the sample. 

The calibration curve for cell concentration corresponding to total protein 

concentration is depicted in Figure B. 1. A calibration curve was established by 



solubilizing various known cell concentrations (determined by a hemocytometer count) 

and determining the total protein content. These protein contents were then correlated to 

standard bovine serum albumin (BSA) protein measurements to create the calibration 

curve. 

I 

Figure B 1. Calibration curve for cell concentration versus BSA concentration 

Estimated BSA Protein Concentration [mgtmlj 
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Appendix C. Surface Tension Components for Liquids Utilized in Contact Angle 
Measurements 

The surface tension components of water, ethylene glycol and glycerol were 

characterized by Good and Van Oss 64 224, These parameters are depicted in Table C. 1 

Table C 1. Surface tension components of fluids 

Fluid 

Water 
Glycerol 

Ethylene Glycol 

Y I 
72.8 
64.0 
48.0 

ylLw 
21.8 
34.0 
29.0 

ylAB 

51.0 
30.0 
19.0 

YI+ 

25.5 
3.9 
1.9 

Y I‘ 
25.5 
57.4 
47.0 
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