
ABSTRACT 

YAMAZAKI, MAI. The Chemical Modification of Chitosan Films for Improved Hemostatic 
and Bioadhesive Properties. (Under the direction of Dr. Samuel M. Hudson.) 
 

Bioadhesives and hemostatic agents have been quite attractive as wound dressings. 

However, commercially available bioadhesives and hemostatic agents still have some 

limitations in terms of cytotoxicity, potential for bacterial infections, and cost performance. 

There is a need for developing bioresource-based adhesives that would overcome these 

limitations. The goal of this research is to fabricate novel bioadhesive and hemostatic agents 

with improved properties, provided by enhanced reactive bonding sites for bioadhesion, and 

enhanced blood clot forming ability for hemostatic agents. 

To generate a novel bioadhesive, chitosan and silk fibroin (CS/SF) blend films with 

dangling aldehydes were prepared by a chemical reaction between amino groups of blend 

films and aldehyde groups of dialdehydes. The dangling free aldehyde groups can bond to 

the proteinatious amino groups of tissue, which improves the bioadhesiveness. Commercial 

glutaraldehyde (GA) and newly synthesized 1,10-didecanal were used for the chemical 

modification of blend films. A dialdehyde with a long carbon chain is considered to provide 

better accessibility of the aldehyde group, than a shorter one, to the amino groups. Currently, 

very few long-chain dialdehydes are commercially available due to the synthesis difficulties. 

The 1, 10-didecanal and modified CS/SF blend films were characterized and the quality of 

bioadhesion was evaluated by tissue peeling.   

Novel chitosan and polyaspartic acid (CS/PAsp) polyelectrolyte complex films were 

successfully prepared as hemostatic agents by layer-by-layer assembly. CS is readily 

obtained from crustacean shell waste by a simple chemical process, whereas PAsp is easily 



polymerized in one pot by thermal condensation of L-Asp and subsequent hydrolysis. CS and 

PAsp can form a polyelectrolyte complex, which is vital for various cell cycles. In addition to 

the reactive chemical functional groups of each polymer, CS and PAsp potentially provide a 

promising substrate for antibacterial action and blood coagulation, due to the nature of CS 

and PAsp. The chemical, physical, and biological properties of the layered films are 

described.  
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CHAPTER 1  

1. Background Review 

1.1.1 Introduction 

Natural, abundant polysaccharides are attractive agents for various biomedical 

applications, such as tissue engineering scaffolds, drug delivery vehicles, sealants, and 

permeable membranes, due to their biocompatibility, biodegradability, and nonimmunogenic 

properties. Bioadhesives have been intensively studied as alternative wound dressings [1-5] 

due to the toxicity and potential mutagenicity and carcinogenicity of synthetic dressings [6-8]. 

Commercially available protein-based adhesives overcome these problems, yet they still have 

some limitations in terms of high cost performance and potential bacterial infections [8, 9].  

Another important attribute of a wound dressing is its hemostatic property, i.e. 

application to heavily bleeding wounds. Currently, only a few hemostatic agents approved by 

the FDA for acute hemorrhage are available [9, 10-14]. They are zeolite-based granules, 

protein-based glues, and chitosan-based sponges. However, all of them have some drawbacks, 

such as a lack of biodegradability, potential bacterial infection, high cost performance, and 

hardness of the material [3]. Therefore, developing a novel hemostatic agent has been a matter 

of continued interest.  

Chitosan is a polysaccharide, which has potential utility for both wound dressing and 

hemostasis applications. Many studies of hemostatic agents made of chitosan derivatives have 

been done for hemorrhage control [15-21].  

Chitosan, poly-β(1→4)-2-amino-deoxy-D-glucose, is a deacetylated form of chitin, 

which is the second most plentiful polysaccharide to be found in the cell walls of fungi and 
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skeletal composites of crustacea (Figure 1-2). It is a cationic polymer with high charge density 

in weakly acidic solution, which may lead to potential antibacterial and hemostatic properties, 

in addition to having good biocompatibility and biodegradability [3]. Highly deacetylated 

chitosan is considered to be an amorphous polymer with amino groups, which renders not only 

poly electrolytic effects, but also reactive sites for further chemical modifications. 

Nevertheless, not much research on highly deacetylated chitosan has involved investigating 

this substrate as a hemostatic agent.  

Silk fibroin is a natural fibrous protein, mainly consisted of amino acids with small side 

groups, such as glycine, alanine and serine [22]. It has excellent mechanical strength and good 

biocompatibility, and oxygen and water permeability in the wet state, which suggests that it 

could be used as a wound dressing. However, the dried as-cast films are brittle due to the 

random coil conformation and difficult for practical use [23]. A composite structure of silk 

fibroin and chitosan may result in a reinforced structure, one which may biodegrade faster. Silk 

fibroin/chitosan blends have already been studied for various physical forms, such as films, 

fibers, and membranes [24-29].  

Polyamino acids and polypeptides are also attractive materials, and good models for 

mimicking biomacromolecules. They have been studied not only for the general aspects of 

physical-chemical properties of proteins, but also for applications as biomaterials [30]. Among 

them, polyaspartic acid (PAsp) is useful because it is hydrophilic, soluble in water and 

degrades quickly under biological conditions [31]. In addition, PAsp is readily polymerized by 

heat, going through the polysuccinimide (PSI) intermediate without a metal catalyst, unlike 
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other polyamino acids [32-39]. Mostly, polyamino acids have been prepared by 

N-carboxyamino acid anhydride (NCA) polymerization [40].  

Surface modification on biomaterials has also been extensively studied in order to 

improve the cell adhesion, which is one of the biggest problems on the biomaterial made of 

conventional synthetic polymers. Many cell types can be viable with the adhesion on the 

substrate. Therefore, developing biomaterials that provide the substrate for good cell 

attachment is the primary issue for tissue engineering. Many attempts have been made to 

improve cell adhesion and growth by coating or immobilizing the cell binding motif to the 

substrates, specially using peptides containing RGD sequence [41-51].  

This thesis research consists of two major topics. One is fabricating a novel 

bioadhesive film with improved adhesion, by surface modification using dialdehydes. In 

Chapter 2, chitosan and silk fibroin (CS/SF) blend films containing dangling aldehyde groups 

were prepared by a chemical reaction between the amino groups of blend films and aldehyde 

groups of aliphatic dialdehydes. The remaining aldehyde groups can bond to the proteinatious 

amino groups of tissue, which improves the bioadhesion. Commercially available 

glutaraldehyde (GA) and newly synthesized 1,10-didecanal were used for the chemical 

modification of blend films. A dialdehyde with a long carbon chain is considered to provide 

better accessibility of the aldehyde group than a shorter one, to the amino groups. Currently, 

very few dialdehydes, especially long-chain dialdehydes, are commercially available due to 

the synthetic difficulties.  

The second topic involves developing a novel biomaterial/hemostatic agent made of 

chitosan (CS) and polyaspartic acid (PAsp) polyelectrolyte complex. Polyelectrolyte complex 
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is usually considered as part of the components of extracellular matrix (ECM), which is vital 

for cell cycles. In Chapter 3, CS and PAsp bilayer (CS/PAspNa) and trilayer (CS/AspNa/CS) 

films are fabricated by solution casting. The layer-by-layer assembly of chitosan and PAsp 

potentially provides a substrate for antibacterial action and blood coagulation (hemostasis), as 

well as a good scaffold for cell growth and differentiation, due to the nature of CS and PAsp. 

The preliminary studies of chemical, physical, and biological properties of the layered films 

are described. Furthermore, chemical modification of the 3 layered film was carried out by 

grafting cell-binding peptide, RGD, synthesized by a conventional stepwise method. In 

Chapter 4, the peptide synthesis and the RGD-modified 3 layered film preparation are 

described along with results from preliminary biological tests to evaluate bioadhesive and 

hemostatic potential.  
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1.2 Literature Review 

Chitosan Derivatives for Bioadhesive/Hemostatic Applications:  

Chemical and Biological Aspects 

Abstract 

Natural, abundant polysaccharides are attractive agents for various biomedical 

applications. Chitosan and its derivatives are known to have hemostatic and antibacterial 

potential. Although various types of hemostatic or antibacterial agents of chitosans have been 

suggested, the detailed mechanisms that effect immune response and hemostatic actions are 

still under investigation. The effects of chitosan and its derivatives used in several 

applications such as scaffolds, antibacterial agents, and hemostatic agents are described in 

this review. 

 

1.2.1 Introduction 

Recent advances in tissue engineering have been directed towards solving problems of 

patients who have suffered tissue/organ loss or skeletal defects [1,2].  Many natural, synthetic 

or their hybrid matrices have been developed to cover wound sites, replace lost tissue 

functions and support cell growth. For example, aliphatic polyesters such as poly(lactic acid) 

and poly(glycolic acid) are versatile biomaterials due to their biodegradability and 

biocompatibility [1-5]. Polyurethane is also a well-known biomaterial with biocompatibility, 

and the mechanical and physical properties necessary for a blood-contacting material [6-8].   

Synthetic matrices have many advantages because their molecular design,  

mechanical/physical properties can be controlled and they can be manufactured on any scale.  
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However, the usage of synthetic scaffolds is still limited because of poor cell 

attachment/growth, adsorption of untargeted proteins and induction of thrombogenesis on the 

surface. Furthermore, some of the synthetic polymers, including polyesters, are difficult to 

modify due to the lack of sufficient reactive functional groups. On the other hand, natural 

substrates such as adhesive proteins have been extensively used because of excellent 

biocompatibility and bioactivity, however, they have batch-to-batch variations, and 

difficulties establishing large scale processes. Many attempts for establishing novel 

biomedical applications have been studied by modification or combination of natural 

polymers including proteins (e.g. collagen [9,10], silk fibroin [11]) and polysaccharides (e.g. 

cellulose [12], hyaluronan [13,14], alginate [15,16], chitin, and chitosan [17]).   

As regard to polysaccharides, chitin and chitosan have been widely studied for use as 

biodegradable and biocompatible materials. Chitin is a poly-β(1→4)-N-acetyl-D-

glucosamine which is known as a cell wall component of fungi and as a skeletal component 

of crustacea. The commercial source of chitin is mostly from crab, shrimp, and krill shells 

and fungi, of which large amounts are wasted in the food industry [18,19].  Several groups 

have studied how to extract chitin and produce chitosan from these resources [10,20]. A flow 

chart of chitin production is shown in Figure 1-1. Chitosan is a cationic poly-β(1→4)-2-

amino-2-deoxy-D-glucose, obtained by deacetylation of chitin. When the degree of 

deacetylation of chitin is more than 50%, it is generally considered as chitosan. The chemical 

structure of chitosan is described in Figure 1-2.  Although chitin and chitosan have potential 

as resources for commercial use, both chitin and chitosan are inherently insoluble in water, 

which makes these materials difficult to process. Only very strong acidic conditions, such as 
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with formic acid, di- or trichloroacetic acids, methansulfonic acid, and lithium 

chloride/amide, can solubilize chitin [21].  Chitosan is soluble in milder acids such as 

aqueous acetic acid. Their insolubility is usually attributed to intermolecular hydrogen 

bonding in the solid state [22].   

There are many examples of chemical modification and salt formation to make chitosan 

soluble in water or organic solvent systems [23-29].  N- or O- substitutions by various 

moieties such as the carboxymethyl group, are typical chemical modifications.  However, 

studies for unmodified chitosan dissolution, almost all have reported molecular weight 

lowering of chitosan [23-25]. As a result, chitosan has been developed for a wide range of 

applications such as water clarification, flocculants, cosmetic and pharmaceutical uses, and 

biomedical devices (Figure 1-3).   

The biocompatibility, antigenecity and bioadhesiveness of chitosan has led to extensive 

studies of biomedical applications including antibacterial activities and hemostatic agents for 

wound dressings.  It has been reported that chitosan has an antibacterial nature and greater 

advantages over the other commercially available hemostatics [22, 30, 31].  However, the 

biological effect of chitosan itself is still not fully understood in detail, because the chemical 

and physical properties of chitosan always depend on the molecular weight, degree of 

acetylation, degree of crystallinity, extent of ionization/free amino group, and so on [22].  

The optimum conditions for chitosan processing are wide-ranging. Although various types of 

hemostatic agents of chitosan and its derivatives have been suggested, the evaluation method 

for hemostatic properties is varied with each research group and has not completely been 

standardized among researchers. Although various preparation conditions of chitosan (e.g. 
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molecular weight, pH, degree of deacetylation, viscosity and solubility) have been examined 

chemically and physically, their results are not always reflected on the hemostatic 

applications and few reports have been published about the relationship between chitosan 

characteristics and their effectiveness as biological agents.   

In this review, some properties of chitosan will first be described such as 

biocompatibility and cytotoxicity that effect applications such as scaffolds and drug delivery 

systems.  The use of chitosan and its derivatives for hemostatic applications and blood 

contacting test methods for clinical use will also be discussed.   

Prompt control of wound hemorrhage remains a significant contemporary problem and 

an active search for effective, safe, and economical hemostatic agents warrants intensive 

research. Inadequate early response hemostasis is clearly identified as the major cause of 

excessive mortality whether associated with accident, trauma or surgical procedures. As a 

consequence of this recognized need, a need becoming more apparent with contemporary 

battlefield events, numerous research programs are in place to develop rapidly deployable 

hemostatic agents. Some are effective hemostats but have drawbacks. Hemostatic agents 

currently available commerically include the microcrystalline tectosilicates derived from 

aluminum and silicon oxides [32], poly-N-acetylglucosamine derived from marine algae 

[33], and the HemeCon bandage which is a lyophilized chitosan derivative[34].  Chitosan has 

been reluctantly accepted as a hemostatic agent because of uncertainty of its procoagulant 

effect, absence of patent protection, and the technical difficulties in both manufacture and 

application of chitosan as either a liquid, powder or flake. The procoagulant effect of 

chitosan appears to be a function of molecular weight - higher molecular weight polymers of 
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chitosan having greater procoagulant and antimicrobial effects. There is a paucity of 

characterizing chitosan preparations with regard to their degree of deacetylation (DD), 

molecular weight and other biochemical properties. A better understanding of mechanisms 

underlying chitosan mediated hemostasis is now emerging and these will be reviewed in the 

paper.  For example, chitosan induces platelet adhesion aggregation with an evidence of 

calcium mobilization [35]. Chitosan as a cationic polymer acts on absorbent of negatively 

charged low molecular weight plasma proteins and red blood cell agglutinator [36]. Adhesion 

of the hemostatic agent to an injured vessel is an important component of the hemostatic 

process, but understanding of how and why chitosan attaches so firmly to the tissue mucosal 

surfaces remains uncertain.   

 

1.2.2 Biocompatibility and cytotoxicity of chitosan-based matrices 

One of the important aspects for a biocompatible material is the interaction between 

cells and material surfaces. The material surface is required to act as an artificial extracellular 

matrix (ECM) with a three-dimensional structure, which is vital for progression of the cell 

cycle [37,38]. Most cell types are not be viable without attachment to the scaffold since 

apoptosis (programmed cell death) is induced. Extracellular matrices are primarily in vivo 

proteoglycans. Artificial ECMs composed of these natural materials are reported to 

compensate for defects in tissue scaffolds, and thus prompt cell proliferation, differentiation 

and regeneration. For example, a highly porous scaffold made of chitosan derivative has been 

developed for a bioartificial liver device [37]. It is well known that polysaccharides termed 

glycosaminoglycans, control cell functions and are associated with  bioadhesive proteins to 
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include collagen, fibronectin, and  laminine. On the other hand, natural hydrophilic polymers 

have also been identified as drug delivery carriers because of the potentially safe, sustainable, 

and controllable release of drugs. To characterize and evaluate these man-made matrices 

from the viewpoint of biocompatibility and cytotoxicity, is the primary task necessary to 

apply these matrices for tissue engineering. Such chitosan-based scaffolds for tissue 

engineering and capsules for drug targeting applications in different cell types will be 

described in this section. 

 

1.2.2.1 Scaffolds for tissue engineering 

Any matrices used for tissue engineering are required to support the cells and restore 

and improve the cell function, including induction of the cell-specific cytokine and gene 

expressions. It is reported that a chitosan supplement to culture media accelerates the 

production of specific cytokines (IL-8) that are marker cytokines for angiogenesis in contrast 

to insignificant  (L929) [39]. Other authors suggested that chitosan mediates rat peritoneal 

exudates macrophage (PEM) activation for immune stimulation confirmed by nitric oxide 

(NO) secretion [40].  Chitosan oligomers promote cell migration and proliferation of 

fibroblast (mouse fetal fibroblast; 3T6 cells) and vascular endothelium (HUVEC) (Figure 1-

4, [41]).   

Chitosan is a highly thrombogenic material, so it is suggested for use as wound 

dressings rather than supplements, because of the formation of granulation on the tissue 

[9,41,42].  Similarly, collagen, one of the structural proteins, is recognized as an appropriate 

tissue-culturing scaffold but is thrombogenic inducing  platelet aggregation and blood 
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coagulation [9].  A crosslinked collagen/chitosan multi-layer matrix with few free carboxyl 

and amino groups resulted in decreased platelet adhesion but promoted hepatocyte adhesion 

due to the remaining free amino groups of chitosan. There is no quantitative information 

relating remaining amino groups or free carboxylate groups to an anticoagulant effect. 

Although chitosan itself has an affinity for many types of cells, it is anticipated that cell 

proliferation, growth, and differentiation can be improved by chemically modifying the 

amino and hydroxyl groups of chitosan. Several peptide sequences that play important roles 

for cell behavior have been identified with RGD (Arg-Gly-Asp) and its analogs are the best 

recognized adhesive peptide sequences [43,44].  To enhance the rat osteosarcoma cell (ROC) 

adhesion the C-terminal of RGDS peptide was covalently bonded to the amino group of 

chitosan by a water-soluble carbodiimide [45].  No information is provided as to how the 

amino group on the N-terminal peptide was protected with immobilization. Chitosan 

modified film and porous scaffolds were prepared by casting (for film) and lyophilization 

(for sponge) and morphology observed by SEM (Figure 1-5). A peptide density of 1X10-12 

mol/cm2 on the scaffolds is sufficient to support the cell adhesion process and the RGDS-

modified chitosan improved both cell attachment and mineralization,  a typical differentiation 

phenomenon for osteoblasts. 

The peptide GRGD was photochemically grafted to chitosan film using a photoreactive 

azide group spacer called SANPAH [46,47].  The film was further cross-linked with 

tripolyphosphate to enhance the adhesion and viability of human endothelial cells. The 

authors concluded that the peptide grafted chitosan and its cross-linked chitosan improved 

the endothelial cell growth. A photochemical reaction may have also occurred between the 
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azide group of the peptide-SANPAH fragment and hydroxyl group of chitosan as described 

in Figure 1-6. However, in general, the azide group was converted to a nitrene group.  The 

nitrene reacts with the amino group, especially if the substrate contains a primary amine 

group. Furthermore, chitosan has two hydroxyl groups at the 3- and 6-positions in the 

structure (Figure 1-2) but no description was provided as to which hydroxyl group was most 

likely reacted with the crosslinker and to what extent the hydroxyl group was reacted.  

Generally, the primary alcohol at C-6 is considered more reactive in many cases. It is not 

clear whether the peptide or the amino groups of chitosan were photochemically immobilized 

resulting in ambiguous conclusions. Further work is needed to improve the scaffolds for 

tissue engineering because polystyrene culture plates, widely used for in vitro studies, 

showed better cell growth than these scaffolds. 

Bioadhesive hydrogel also provides a suitable environment for tissue adhesion due to 

matrix softness [48].  Low molecular weight deacetylated and O-carboxymethylated chitin 

forms a polyampholytic hydrogel by mixing solutions in the presence of  a cross-linking 

glutaraldehyde. An adhesion test was conducted to evaluate the interaction between the 

hydrogel and porcine dermis tissue ex vivo. A higher concentration (4wt%, deacetylated 

chitin:carboxymethylated chitin=95:5) of the hydrogel polymer with lower water content 

induced higher adhesion strength between tissue and hydrogel. The formation of ionic 

interactions between each polymer chain, contributed to the decreasing water content of the 

hydrogel. Hydrogel toughness improved with increasing polymer volume fraction enhancing 

tissue adhesion because of the high binding energy of the elastic hydrogel.  In addition, the 

increased polymer volume fraction provided a higher surface density of the bioactive 
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polymer segment to interact and adhere to the tissue. It is anticipated that hydrogels made of 

chitosan and its derivatives represent another potential form of bioadhesive or hemostatic 

agents. 

 

1.2.2.2 Microspheres and capsules as a drug carrier 

Chitosan is widely used in pharmaceutical applications due to its versatility, 

biocompatibility, digestibility, and low-cost and is a valuable drug delivery vehicle. Drug 

delivery applications include oral, nasal, mucosal, and transdermal routes for drug targeting 

systems [49].  Chitosan is also used as a dietary supplement for controlling obesity because 

of its ability to bind with fat.  Sustained drug release vehicles include microspheres, beads, 

compressed tablets, nanoparticles, gels, and films. Various kinds of drugs, proteins, and 

enzymes encapsuled in microspheres have been introduced as chitosan-based microparticular 

delivery systems [49,50].   

Microsphere drug delivery is one model for the oral delivery of drugs [49-53]. An 

important element for a drug delivery system is to localize the drug at a particular part of the 

body for an effective clinical treatment. Oral administration of such a site-specific drug 

delivery system has become of recent interest. Controlling the release of peptides and low 

molecular weight drugs is one of the key issues to overcome problems including exposure of 

drugs to acid environments and prevention of degradation by enzymes in the gastrointestinal 

tract. Chitosan is a candidate drug control-release carrier due to its non-toxic and 

bioabsorbable nature.   
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Since chitosan salt is a cationic polysaccharide, the sustained-release of drugs can be 

controlled in the presence of various fatty acids such as stearic, palmitic, myristic, and lauric 

acid under different pH conditions [51].  One study, vancomycin hydrochloride, an antibiotic, 

was used as the drug. Chitosan salts were prepared by mixing chitosan with an aqueous 

solution of asparaginic acid and glutamic acid, or hydrochloric acid, and freeze-dried 

chitosan salts physically mixed with vancomycin hydrochloride.  Finally, each chitosan salt-

drug mixture was added to various fatty acid solutions containing nonionic surfactant 

Span60.   Drug containing microspheres with 1-5μm diameters were obtained by a spray-

drying method. The ability for sustained-release of drug was evaluated by the dialysis 

method.  Solutions at pH 2.0 and 7.4, which assumed gastric and intestinal conditions, were 

used.  At pH 2.0, the microspheres with longer alkyl chains (stearic and palmitic acid) 

suppressed the release of the drug significantly. On the other hand, at pH 7.4, overall drug 

release increased even in the drug coated with long alkyl chains. This might be caused by the 

increased solubility of the fatty acids at pH 7.4 compared to pH 2.0 due to the ionization of 

the carboxylic acid which promoted the release of free drug. As a consequence, it was 

concluded that fatty acids retarded the release of drug in acidic conditions.   

Several chitosan derivatives of different molecular weight and deacetylation, such as 

O-hydroxyethyl chitosan, chitosan hydrochloride, chitosan lactate, chitosan glutamate, and 

crosslinked chitosan were evaluated in terms of cytotoxicity, blood cell lysis and horseradish 

peroxidase (HRP) release from the chitosan microspheres in vitro [52].  It is known that 

cationic polymers, such as poly-L-lysine, generally exhibit cytotoxicity towards cells in a 

concentration-dependent manner and cause blood cell lysis. The model drug, HRP, could be 
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entrapped and retained in chitosan microspheres crosslinked by glutaraldehyde although 

some active HRP was detected. All the soluble chitosan salts and O-hydroxyethyl chitosan 

exhibited cytotoxicity towards murine melanoma cells (B16F10), depending on their 

concentrations, even though they were less toxic than the positive control, poly-L-lysine.  

The counterion of chitosan affects the interaction between the protonated amine group and 

negatively charged cells, leading to the observed differences. SEM observation indicated that 

the plasma membrane was damaged by interaction with the microspheres. Polymer molecular 

weight is also an important factor for cytotoxity as higher molecular weight chitosan is 

significantly more toxic. Although glutaraldehyde is frequently used as a model crosslinking 

agent due to its low toxicity, the glutaraldehyde crosslinked chitosan microspheres were even 

more toxic. Some studies demonstrated that the immune response by glutaraldehyde 

crosslinked microspheres is due to the residual aldehyde, which could be removed by a 

bisulphite wash [53].  In vitro release of progesterone from the crosslinked chitosan 

microspheres is shown in Figure 1-7 [53].  Red blood cell lysis accompanied with 

hemoglobin release, occurred for all chitosan derivatives in a time and molecular weight 

dependent manner even at low chitosan concentration (1-100μg/ml) [52].   

The chain flexibility of chitosan also plays an important role in determining the capsule 

characteristics including shape, break force, thermal properties, and drug-release ability of 

chitosan microspheres [54]. Microspheres were prepared with different deacetylation 

(DD=67.9-92.2%), molecular weight (Mw=1.8X105-31.8X105) with or without NaCl at 

various acidic conditions (pH=2-4). Highly deacetylated chitosan resulted in more molecular 

weight loss. The more deacetylated, the more flexible the chitosan chain becomes, thus the 
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chain tends to form a random coil, which has more intramolecular hydrogen bonds within the 

chain. This results in the chitosan chains being less entangled and more ellipsoid in shape. 

The enthalpy measured by DSC is higher due to the hydrogen bond formation in the capsules 

and therefore, their mechanical properties were generally weaker than those of less 

deacetylated microspheres. In contrast, the less deacetylated chitosan chain was more 

extended and had stronger intermolecular interactions, which made the chains more 

entangled contributing to reinforce the capsule structure with a more spherical shape.  

Molecular weight also influenced the number of the hydrogen bonds and entanglements and 

to the capacity for capsule formation. However, the molecular weight of the microspheres 

varies with the degree of deacetylation.  Thus it seems to be difficult to conclude what 

parameters, either molecular weight or degree of acetylation, or both and to what extent both 

actually affected the chain flexibility and extent of entanglement [54].   

 

1.2.3 Antibacterial activity of chitosan and its derivatives 

It is important to clarify the antibacterial actions of scaffolds or wound dressings as 

well as biocompatibility and blood compatibility for hemostatic applications. When tissue is 

burned and damaged, the wound healing process is disrupted because of the surrounding 

normal tissue barrier system acts to prevent microbial infections [55].  Maintaining a moist 

wound not debilitated by microbes is a primary requirement for wound dressing materials.  

Microbes prefer to grow in necrotic, moist  tissue leading to sepsis and mortality. Anti-

microbial agents have been incorporated in the dressings but it is difficult to control the 

sustained-release of these materials. Wound dressings should also absorb the exudate or body 
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fluid produced from the wound area but not adhere to the wound surface too strongly, to 

avoid damaging newly formed tissues. Consequently, preventing wound invasion by 

microorganisms and removing excess exudate from the damaged tissue accelerates wound 

closure. Because of the antimicrobial and hemostatic effects of chitosan, wound dressings 

made of chitosan derivatives have been extensively studied to overcome those limitations 

[13,55-58].   

1.2.3.1 Antibacterial actions  

Chitosan and its derivatives are known as antimicrobial agents against a wide variety 

of bacteria and fungi [59,60].  Figure 1-8 shows culture media containing chitosan 

suppressing bacterial growth [61]. One hypothetical mechanism is that the chitosan 

polycation interacts with negatively charged bacterial surfaces to inhibit the bacterial growth 

[61].  Chitosan solutions at low concentrations induce wall permeability changes resulting in 

leakage of intracellular components of bacteria. At higher concentration, chitosan 

accumulated on the bacterial surface to disturb metabolite transport [59,61].  The 

antibacterial activity of chitosan itself, is exhibited only in acidic solutions due to the poor 

solubility above pH 6.5 and lack of cationic charges. Therefore, water-soluble chitosan 

derivatives including carboxymethylated chitosan and quaternary ammonium salts of 

chitosan are good candidates for anitibacterial applications [61-63].  N,O-carboxymethylated 

and O-carboxymethylated chitosan of different molecular weights and deacetylations have 

had antimicrobial activity tested against E. coli [61].  Antibacterial activity increases with 

increasing molecular weight of chitosan, though too high a molecular weight or 

concentration is counter productive. N-carboxymethylated chitosan does not inhibit bacterial 
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growth, attributed to the chemical modification of the amino group. They also postulated that 

too many amino groups on a single chain, might form a pseudo- crosslinked structure 

through intramolecular hydrogen bondings and the chitosan could not then interact with 

bacterial surfaces.  The optimum molecular weight of chitosan for anti-microbial activity is 

about Mv=9.16X104.  In similar experiments, however, the antibacterial activity increased 

with increasing deacetylation (Mv=12.7-27.4X104, DDA=74-96%) and concentration 

(Mw=5000, DDA=73%, C=0-0.50 w/v%) of chitosan. The highest deacetylated sample and 

the highest concentration of chitosan exhibited the best antibacterial activity. Unfortunately, 

there was no information about the theoretical amount of ammonium salt forming at the pH 

utilized, depending on the molecular weight of the chitosan. Further comparisons between 

ionized amino groups chitosan with high molecular weight and with higher concentration in 

the culture system are needed. 

In another attempt to increase water solubility, the N-alkyl chitosan derivatives: 

N,N,N-trimethyl chitosan, N-N-propyl-N,N-dimethyl chitosan, N-furfuryl-N,N-dimethyl 

chitosan quaternary salts, were prepared through Schiff base intermediates with different 

molecular weights of chitosan [63].  N-furfuryl-N,N-dimethyl chitosan with  low molecular 

weight (Mv=7.80X103) shows the highest water solubility, attributable to the quaternary salt 

formed and low molecular weight. The minimum inhibitory concentration (MIC) and 

minimum bacterial concentration (MBC) effects of quaternized chitosan against E. coli 

depend on molecular weight. Antibacterial activity increased while increasing the alkyl chain 

length and also increased in the presence of acetic acid. Quaternary chitosan ammonium salts 

exhibited a higher antibacterial effect than chitosan with particularly an acidic medium. 
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Studies of the biospecific fraction of chitosan have also been reported [64,66].  A 

small fraction of N-acetylated units (FA) specifically bind to lysozymes and chitinases 

without cleavage of glycosidic linkages, whereas fully deacetylated chitosan does not [64].  

The acetyl group is essential for binding with lysozymes with affinity strongly dependent on 

pH and ionic strength. The effect of chemical composition of chitosan (FA) against E. coli 

was also examined in terms of various conditions such as molecular weight, pH, and ionic 

strength [65].  The chitosan adsorbed to E. coli strongly increased with pH.  However, it 

decreased with increasing molecular weight, which was not consistent with other authors.    

Interestingly, chitosan with a highly acetylated fraction (FA=0.49) flocculated E. coli most 

effectively, although the details of this mechanism are still in question. Nevertheless, an 

acetylated fraction of chitosan might interact with particular enzymes and cells 

biospecifically, whereas the amino group of chitosan might physically interact with them. 

 

1.2.3.2 Bioadhesives for wound dressings 

Several types of wound dressings are commercially available to support wound healing 

processes. Sponges, hydrogels, woven and non-woven dressings derived from natural, and 

abundant polymers have been developed for practical use. Since chitosan is acknowledged as 

a biodegradable, biocompatible, and bacteriostatic polysaccharide, many chitosan matrices 

for wound dressings with bioadhesiveness have been studied extensively [66,67]. 

A dual layer chitosan-based wound dressing was fabricated by combining 

carboxymethylated chitin hydrogel as an upper layer with chitosan acetate foam as a lower 

layer [55].  Although not specified, it is assumed that the foam is the acetate salt of chitosan.  



 
25

The matrix was designed so that the upper hydrogel layer is able to absorb wound exudates 

and block microbial invasion and the lower foam layer serve as an antibacterial material.  

Indeed, the upper hydrogel was swollen and absorbed four times its own weight of water and 

its 50% vapor permeability was sufficient to prevent accumulation of exudates. The chitosan 

acetate foam incorporated chlorhexidine gluconate with an optimal loading concentration of 

1% (w/v), releasing the antibiotic to inhibit bacterial growth of Pseudomonas aeruginosa and 

Staphlycoccus aureus.  

An asymmetric chitosan membrane consisting of a top layer containing an 

interconnected microporous skin surface and sponge-like macroporous sublayer has been 

prepared by an immersion-precipitation phase inversion (IPPI) method [56].  The advantage 

of this assembly is to achieve both prevention of bacterial invasion and regulation of 

evaporative water loss. Thickness and density of the membrane can be varied, depending on 

the per-evaporation conditions. The membrane exhibits moderate water evaporation, oxygen 

permeability and fluid drainage ability due to the dense skin surface, and the thick and porous 

sublayer of chitosan membrane. It inhibits bacterial invasion and penetration into the 

membrane because of the dense surface and antibacterial nature of chitosan. A rat skin 

wound area covered with chitosan membrane stopped bleeding since chitosan is a hemostatic 

agent and rapid epithelialization was facilitated.   

Hydrogels are considered as a substitute for fibrin glue. Fibrin glue has been widely 

applied for medical purposes such as wound sealant. The preparation contains fibrinogen, 

thrombin, factor III, and protease inhibitor, all necessary for hemostasis and blood 

coagulation. Due to difficulty of its mass production and contaminant suppression, a novel 
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biological adhesive with better properties has been desired [57].  Although crosslinked 

gelatin and cyanoacrylate polymers have been developed, they are not suitable for 

biomedical applications because of their high toxicity. In contrast, polysaccharides and their 

derivatives including chitin, chitosan and hyarulonan are known as biocompatible materials 

and have been used for healing processes and supporting tissue defects. Since chitosan has 

antibacterial and hemostatic effects, a chitosan derivative with both azide and lactose 

moieties were photochemically crosslinked to prepare a hydrogel adhesive [57,58].  

Lactobionic acid and 4-azidobenzoic acid were introduced to chitosan by stepwise 

condensation reactions with TEMED (N,N,N’,N’-tetramethylethylenediamine) and EDC (1-

ethyl-3-(3-dimethylaminopropyl) carbodiimide). The reactive azido group was converted to 

nitrene by UV irradiation which reacted with the remaining amino groups of chitosan, 

causing hydrogel formation. There was no information about the degree of modified 

functional groups and the remaining amino groups in the chitosan.  Water solubility (around 

neutral pH) of modified chitosan increased with increasing lactose concentration and low 

concentrations of azide did not alter water solubility. The time required for UV irradiation to 

form a hydrogel is 30 sec and it is faster than fibrin glue. Binding and sealing strength of Az-

CH-LA increased with increasing concentration. Even though cultured cells (human skin 

fibroblast, coronary smooth muscle cells, and endothelial cells) did not adhere onto the 

chitosan surface very well, cell viability was retained without toxicity. The authors also 

demonstrated with in vivo experiments, that advanced granulation tissue formed and 

epithelialization occurred, when treated with chitosan hydrogel, which facilitated rapid 

wound occlusion [58]. 
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1.2.4. Hemostatic potential of chitosan and its derivatives 

Hemostatic materials have different surface properties from  blood contacting materials 

that are non-thrombogenic. The development of artificial biomaterials that contact blood (e.g. 

prosthetic vascular grafts) have a  primary consideration for being anti-thrombogenic. 

Thrombosis on the material surface remains a serious bioengineering problem despite 

demonstrated good blood compatibility. As an example of thrombosis, small caliber 

prosthetic vascular grafts (O.D. < 3 mm) invariably resulting in thrombus formation in the 

short term and intimal hyperplasia occurs in the long term [68].  Thrombosis is assumed to be 

caused by plasma protein adhesion, platelet activation and clot formation. For example, 

polyurethane (PU) is a well-known biomaterial with good biocompatibility and mechanical 

properties for biomedical applications. However, the usage of PU is still limited because of 

the poor cell attachement/growth or the induction of thrombinogenesis on the surface. Many 

attempts have been made, such as chemically or photochemically modifying the PU surface 

to overcome these problems [68,69].  Bioactive molecules such as prostaglandine E1, 

albumin, and heparin or its derivatives with sulfate groups have also been used to modify the 

material surface in order to decrease the thrombogenicity [70-73]. They have an 

anticoagulation property, however, which also induces haemorrhage of the tissue. When 

chitosan is applied as a blood contacting material, such anticoagulant modifications are 

usually applied [70,72].  The effect of chemical structure modifications and physical form of 

the chitosan upon hemostasis was recently reviewed [22].  In addition, several commercially 

available hemostatic agents including a chitosan derivative approved by Food and Drug 
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Administration have been used in recent combat operations and their effectiveness has been 

reported [74,75].  Chitosan, itself, is not suitable for a blood contacting material in spite of its 

biocompatibility. 

Due to this blood coagulating nature, chitosan has been a desirable material as a 

hemostatic agent in addition to its biocompatible and antibacterial characteristics. This 

hemostatic activity of chitosan is important for understanding the mechanism of action as a 

coagulant and developing medical bandages which control bleeding during surgery. Several 

studies report that the hemostatic mechanism induced from chitosan is independent of the 

classical blood coagulation cascade [22,76-78].  However, because of the complexity of the 

blood coagulation mechanism itself, it is still difficult to clarify how chitosan effects this 

mechanism. A wide variety of evaluation methods have been adopted to examine the 

hemostatic properties, and will be introduced in a later section.  Nevertheless, it is important 

to understand what factors in blood influence the hemostatic mechanism, especially for the 

potential clotting cascade induced by chitosan.   

 

1.2.4.1 Factors involving the blood coagulation mechanism 

The blood coagulation mechanism is still under investigation because of the complexity 

of the hemostatic-thrombotic system. Hemker et al introduced the first law of hemostasis and 

thrombosis: increasing thrombin formation causes more thrombosis but less bleeding, and 

decreasing thrombin formation causes more bleeding but less thrombosis [79].  Recent 

studies allowed monitoring the thrombin generation in platelet poor plasma (PPP) and 

platelet rich plasma (PRP) by using fluorogenic thrombin substrates [79].  However, it is still 
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challenging to evaluate blood coagulation as close as possible in vivo, because the actual 

blood circulation time is shorter than that time required for whole blood clotting.   

Currently, two major pathways are believed to trigger blood coagulation (Figure 1-9, 

[80, 81]).  One is the adsorption of plasma proteins such as albumin, γ-globulin, fibrinogen, 

and prothrombin onto the material surfaces. Factor XII, an intermediate of the intrinsic 

coagulation pathways is activated following the protein adsorption to initiate the clotting 

cascade. The other pathway is cell-bound thrombin generation involving tissue factor cells 

called monocytes and perivascular cells and platelets. It is pointed out that the activated 

platelets induce the interaction between platelet membrane glycoprotein (e.g. GPIIb/IIIa 

complex, von Willebrand factor) and sub-endothelial matrix [80].  Thrombin and collagen 

play an important role for platelet activation to produce procoagulant phospholipids [79].  

Several biomaterials such as polyethylene and polyurethane that induce thrombosis on 

surfaces have been used in conjunction with several plasma factors including prothrombin, 

fibrinopeptide, blood coagulation inhibitor called protein kinase C, and thrombin-

antithrombin III complex [81-83].  A platelet reaction at artificial surfaces triggers 

thrombosis (Figure 1-10).   

In the case of chitosan, several hemostasis evaluations have been reported [83-91].  

However, many test methods have been applied to different types of tissue in different 

articles. Chitosan’s hemostasis might be caused by the non-classic coagulation pathway, 

whose mechanism and detailed phenomena are still unclear. Nevertheless, these studies 

mainly focus on the blood coagulation time and platelet adhesion and aggregation induced by 
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chitosan. The effect of chiotosan and its derivatives on hemostasis potential and the 

hemostasis tests suggested in several studies is introduced in the following section. 

 

1.2.4.2 Hemostasis evaluations for chitosan and its derivatives 

When examining normal baseline blood parameters in vitro, hematocrit, hemoglobin 

concentration, platelet count, prothrombin time, activated partial thromboplastin time and 

plasma fibrinogen concentration are evaluated [83].  There are no standardized or universally 

accepted methods for evaluating chitosan mediated hemostasis. The chitosan hemostasis 

pathway appears to be fundamentally different from “classic” coagulation pathways. Since it 

is already known that platelet aggregation was observed on chitosan materials 

microscopically, the morphology of platelets was considered to affect the blood coagulation 

system. Platelet-related cytokines and proteins have been  examined in addition to general 

coagulation tests [83]. 

In vitro examination of blood clotting ability is widely used for diagnosing clotting 

disorders in the medical field and, is assessed in regard to several coagulation factors.  

Accepted blood coagulation tests are prothrombin time (PT), partial thromboplastin time 

(PTT), thrombin time (TT), activated partial thromboplastin time (APTT), clot retraction 

time (CRT), plasma recalcification time (PRT) [76], and whole blood clotting time (WBCT) 

[21,76,84].  Similar coagulation tests, such as blood coagulation time (BCT) [85], fibrin clot 

formation time [86], RAPTT, RTT, RPT values (ratio of APTT, TT or PT to those of the control 

assays) [87], have been reported. Test methods and results vary on collection of the blood 

specimen. Platelet aggregation (PA) is one of the key phenomena in blood coagulation 
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induced by chitosan derivatives. PA was monitored by a light penetration [85] or 

turbidimetric device [21,35], and scanning electron microscopy (SEM) [76,84,85,87,88].  

The platelet activation was assessed by counting the number of Coomassie brilliant blue-

stained platelets [88].  Some studies also focused on red blood cell morphology by SEM 

(Figure 1-11, [77]) and cell aggregation measured spectrophotometrically (OD528) [86].  

Some cytokines released from platelets have been considered as important factors to enhance 

early wound healing processes. Thus, platelet derived growth factor (PDGF-AB) and 

transforming growth factor β1 (TGF-β1) release has been measured by enzyme immunoassay 

[85].  Platelet activation, intracellular calcium level in platelets and glycoprotein IIb/IIIa 

complex on platelet surface have been examined to elucidate details of the chitosan-induced 

blood coagulation mechanism [35].  

Laboratory animals with different wound models have been treated with chitosan 

derivatives for in vivo testing. Sutures coated with chitosan, N-acyl-chitosans, chitosan-

tropocollagen fibers and their N-modified fibers were introduced into the lumen of dog’s 

jugular and femoral veins [90,91].  The blood clot formed around the fibers was observed 

macroscopically. In other studies, lingual bleeding time, systematic bleeding time, and 

systematic coagulation time was measured when chitosan solution was introduced onto 

lacerated rabbit tongue [77].  Severe swine liver injury due to the lacerated major vessels was 

treated with a chitosan acetate salt dressing and the effect of the dressing was studied by 

monitoring blood loss, fluid use, hemostasis time and survival (Figure 1-12, [83]).  

Furthermore, hemostasis performance of poly-N-acetyl Glucosamine (p-GlcNac) fiber was 
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observed until bleeding was stopped by continuous compression at the wound area in swine 

spleen [86].  

 

1.2.4.3 Effects of chitosan and its derivatives on blood coagulation 

Various chitosan-based hemostatic agents have been developed and tested for their 

potential usability in vitro or vivo [22].  An early study incorporated a silk polyfilament 

coated with chitosan and N-acetyl and N-hexanoyl chitosans [90].  A thick coagulum formed 

on the chitosan suture inserted to the lumen of a dog’s peripheral veins due to the rough fibril 

surface with less on the smooth surface of N-modified chitosan. Hirano et al [91] pointed out 

that blood components tended to adsorb physically onto rough surfaces. Chitosan-

tropocollagen, N-acetyl chitosan, and N-acetyl chitosan-tropocollagen fibers were inserted 

into the lumen of a dog’s jugular and femoral veins in a similar manner [91].  Chitosan-

tropocollagen and N-acetylated chitosan fibers caused weak blood clots to form but almost 

no blood clots formed on N-acetyl chitosan-tropocollagen and tropocollagen fibers.  

Introducing carboxy groups into the N- and O- positions increased activated partial 

thromboplastine time (ATPP) and thrombin time (TT) more than that just due to the amino 

groups [87].  Thus, carboxylation of N- and O- positions tends to prolong the blood 

coagulation time.  

The effect of chitosan on hemostasis has been investigated for several chitosan physical 

forms. It was found that chitosan solution in 2% aqueous acetic acid caused hemagglutination 

even at low concentration and the whole blood clotting time (WBCT) is reduced by 40%  

[76].  Chitosan did not induce red blood cell lysis. Chitosan interacted with the red blood cell 



 
33

membrane and led to the erythrocyte aggregation as seen by SEM observation (Figure 1-11).  

The hemostatic property was attributed to electrostatic interaction by the cationic nature of 

chitosan at pH’s below 6.4.  The authors concluded that chitosan hemostasis is obtained by a 

process independent of the normal blood clotting cascade but dependent on red blood cell 

agglutination. Similar conclusions were derived from other studies. For example, topical 

administration of chitosan dissolved in 0.2% glacial acetic acid solution shortened the lingual 

bleeding time of rabbit to 43% of the control [77].  SEM observation demonstrated that the 

red blood cells treated with chitosan solution lost their typical biconcave morphology and 

coalesced into a clot. It has been hypothesized that chitosan promotes hemostasis by linking 

erythrocytes together to form a lattice to entrap the cells.   

Platelet activation has been another line of study for understanding chitosan-mediated 

hemostasis. Chitosan coated microtiter plates enhanced platelet adhesion and aggregation 

concentration and time dependency [35].  Significantly, chitosan influenced the intracellular 

calcium level known as the second messenger in platelets and GPIIb/IIIa expression on 

platelets. Since platelets don’t adhere to endothelial cells under normal conditions, this 

feature would implicates platelet activation for initiating hemostasis. It is known that 

fibrinogen-GPIIb/IIIa binding could be observed in the final common pathway of blood 

coagulation. Therefore, chitosan might account for the interaction between activated platelets 

and damaged tissue to promote the wound healing process.   

Chitin also seems to have hemostatic potential. Chitin and chitosan suspension in 

phosphate buffered saline (PBS) reduced blood coagulation time (BCT) in a dose-dependent 

manner [85].  They shortened the BCT to 30-40% of the control, even at a low concentration 
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(0.1 mg/ml). Chitin and chitosan have a hemostatic effect due to a physical binding effect 

and the amino group in their chemical structure. Chitosan is more effective than chitin for 

hemostasis, whereas chitin induces more platelet aggregation than chitosan. Cytokine 

(PDGF-AB and TGF-β1) release considered important in the wound healing process is 

greater for chitosan than chitin, and far less for latex and other controls. Chitosan forms 

stronger platelet aggregates by interacting with platelets on membranes. Porous sponges of 

chitosan acetate salt also significantly reduced blood and other fluid loss for a swine liver 

injury, compared to the swine treated with control gauze sponge [83].  The authors indicated 

that a fully N-acetylated chitin sheet (p-GlcNAc) reduced hemostasis time compared to the 

control.  Fully N-acetylated chitin is found in some algal sources and is termed “chitan”  

[92,93].  

Dependency of chitosan’s hemostatic effect on molecular weight has been 

demonstrated with water-soluble chito-oligosaccharide (COS) and highly deacetylated chito-

oligosaccharide (HDCOS) [21].  Both 10% of COS and HDCOS prolonged the WBCT 

compared to the PBS control. There was no significant difference between COS and HDCOS 

in WBCT.  Furthermore, these polymers did not have a significant effect on the platelet 

aggregation compared to the control. These results indicated that low molecular weight 

chitosans did not have a hemostatic effect and that only chitosan polymers of a minimum 

critical molecular weight have hemostatic potential.   

In contrast, chitosan-based hemostatic agents did not always manifest improved hemostasis 

than Syvek p-GlcNAc [86].  The p-GlcNAc is a fiber with a crystalline beta-form three-

dimensional structure [86,94] derived from micro-algae [95].  It is distinguished from other 
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N-acetyl glucosamine based polymers such as chitin, chitosan, and hyaluronan. Chitin and 

chitosan are the copolymers of N-acetylglucosamine and N-glucosamine, and have been 

poorly defined in published hemostasis studies in terms of degree of deacetylation and the 

polymer chain structure [95].   

A commercially available chitosan-based hemostatic agent, Clo-Sur® PAD is entirely 

composed of chitosan.  Chitoseal® consists of a thin layer of chitosan coated onto PET 

filament, and hemostatic properties have been compared to other  chitosan derivatives [86].  

Red blood cell aggregation was observed with p-GlcNAc in a concentration-dependent 

manner but not for the other two chitosan-based materials. Platelets absorbed onto p-GlcNAc 

are inferred to be in an activated state, similar to fibrin-platelet interactions, whereas no 

platelet activation was noted in other chitosan controls. Furthermore, p-GlcNAc appeared to 

be more effective in controlling bleeding in swine splenic trauma compared to two other 

chitosan derivatives. These different behaviors between p-GlcNAc and other chitosan 

materials are assured to result from structural differences. Although the aligned beta three-

dimensional structure of p-GlcNAc is rare in nature, its fibril strand size was similar to that 

of fibrin. It was concluded that the unique, large surface area structure of p-GlcNAc might be 

one of the reasons why it is effective in its interaction with blood proteins and cells for 

promoting hemostasis. However, it is still a question why the chitosan-based hemostatic 

agents were not effective in this study. Though the effectiveness of chitosan derivatives as 

hemostatic agents has been demonstrated in numerous studies, the hemostatic mechanism 

mediated by chitosan derivatives is still unknown.   
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1.2.5 Conclusions 

Chitosan and its derivatives have been found to have hemostatic potential as well as 

anti-microbial activity and biocompatibility.  Chitosan is easily obtained from chitin by a 

relatively simple chemical reaction.  Since chitin and chitosan derivatives are relatively 

inexpensive hemostatic agents and available fibrinogen-based hemostatic agents are 

potentially infectious and expensive, further studies are clearly warranted. In most studies, 

chitosan and its derivatives enhanced platelet and erythrocyte aggregation, a feature 

necessary to initiate blood coagulation. It has been clarified that not only the physical form of 

chitosans, along with molecular weight, degree of deacetylation, surface characteristics, but 

also their chemical structures affect hemostatic and antibacterial actions. However, various 

chitosan compositions with different molecular weight, deacetylation, counter ions, and 

solvents have been used in different antibacterial or blood coagulation tests, which makes it 

difficult to compare all results. More details of the blood coagulation cascade and its 

mechanism induced by chitosans are also expected to clarify and distinguish the action of 

chitosan on the classic cascade. In addition, fully chemically and physically characterized 

chitosan and its derivatives are needed in order to elucidate the effects on antibacterial and 

hemostatic actions. Standardized test methods are needed to compare the results in a more 

meaningful way.   
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Figure 1-1  A flow chart of chitin and chitosan production.  
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Figure 1-2  The Chemical structure of chitosan.  Chitosan is the copolymer with n>0.5. 
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Figure 1-3  Various applications of chitosan [49].  
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Figure 1-4 Direct affects of chitin, chitosan and their derivatives on migration activity of 3T6 

cells [41].  Control: culture medium, GluNAc: N-acetyl-D-glucosamine, GlcN: D-

glucosamine, chiti-oligomer: a mixture of GlcNAc1 and GlcNAc6, chito-oligomer: a 

mixture of GlcN1 and GlcN6, PF-4: human recombinant platelet factor-4.  Data 

displays means±SD for at least three replicates.  *p<0.05 from control.  
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Figure 1-5  Morphology of the chitosan scaffold prepared by lyophilization (SEM, x 200) 

[45].  (a) Before RGDS immobilization, (b) After RGDS immobilization.  
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Figure 1-6  A synthetic scheme of photochemical immobilization of GRGD to chitosan [47].  
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Figure 1-7  In vitro release of progesterone from chitosan microsphere crosslinked 10mL of 

glutaraldehyde saturated toluene into phosphate buffer at 37� as a function of 

particle size [53]; 45-90μm (●), 90-150μm (▲), 150-300μm(▼).   
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Figure 1-8 OD versus culture time for the chitosan (Mv=5.11 x 104) whose C in the medium 

at 0.01, 0.05, and 0.10% against E. coli [61].   
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Figure 1-9 Blood coagulation pathways [80]. Clotting factors (proenzymes), identified by 

Roman numerals, interact in a sequential series of enzymatic activation reactions 

(coagulation cascade) leading to the amplified production of the enzyme thrombin, 

which in turn activates fibrinogen to form a fibrin polymer that stabilizes a clot or 

thrombus.  
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Figure 1-10  Platelet reaction at material surfaces [80].  Following protein adsorption, 

platelets adhere and release their α-granule contents, including ADP.  Thrombin 

production is catalyzed locally by platelet membrane phospholipids.  Thranbaxane 

A2 (TxA2) is synthesized.  ADP, TxA2, and thrombin then recruit additional 

circulating platelets into an enlarging platelet mass that is stabilized by fibrin. 
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Figure 1-11  SEM of a blood clot formation from chitosan-treated lingual incision [77].  Red 

blood cells have lost their typical biconcave morphology and they appear to have 

an unusual affinity toward one another (original magnification x 2000).  
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Figure 1-12  Effect of a chitosan-based hemostatic dressing on blood loss and survival in 

swine [83].  Posttreatment blood loss, fluid use, time for hemostasis, and survival 

are tabulated.   
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CHAPTER 2 

2.   Novel Dialdehyde-Modified Chitosan/Silk Fibroin Blend Films for Improved 

Bioadhesive Properties 

Abstract 

Bioadhesives have been quite attractive as wound dressings. However, commercially 

available bioadhesives still have some limitations in terms of cytotoxicity, potential bacterial 

infections, and cost performance. There is a need for developing bioresource-based 

bioadhesives that would overcome these limitations.  

In this study, chitosan and silk fibroin (CS/SF) blend films with dangling aldehydes 

were prepared by a chemical reaction between amino groups of blend films and aldehyde 

groups of alkyl dialdehydes. Commercially available glutaraldehyde (GA) and newly 

synthesized 1,10-didecanal were used for the chemical modification of CS/SF blend films. The 

presence of a free aldehyde group in the film was qualitatively determined by colorimetric tests 

and Fourier Transformed Infrared (FTIR) spectra. In bioadhesion tests, the modified blend 

films exhibited improved peeling strength compared to controls. Further improvement of the 

quantitative method will be needed to determine the absolute amount of free aldehyde groups 

modified on films.  

 

2.1 Introduction 

Natural, abundant polysaccharides, including chitosan, are attractive agents for various 

biomedical applications for tissue engineering and tissue regeneration, due to their 

biocompatibility, biodegradability, and nonimmunogenic properties, as well as protein-based 
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biomaterials. As described in the previous chapter, chitosan and its derivatives are  promising 

biomaterials.  

Bioadhesives have been widely studied as alternative wound dressings [1-5] due to the 

toxicity and potential mutagenicity and carcinogenicity of synthetic ones [6-8]. Commercially 

available protein-based adhesives overcome these problems, yet they still have some 

limitations in terms of high cost and potential bacterial infections [8, 9].  

Silk fibroin is a natural fibrous protein, and has excellent mechanical strength and good 

biocompatibility, and oxygen and water permeability in the wet state, which suggests that it 

could be used as a wound dressing. Silk fibroin/chitosan blends have already been studied in 

various physical forms, such as films, fibers, and membranes [10-15], for various purposes.  

Commercially available dialdehydes, such as glutaraldehyde and glyoxal are often 

used for crosslinking of chitosan and other polymers with amino groups in their backbone to 

improve the mechanical and structural properties for the blends. However, the dialdehydes can 

also provide free aldehyde groups in a variety of substrates (e.g. films, sponges, and fibers). 

The bonding strength between gelatin and porcine skin increased due to the Schiff base formed 

between free aldehyde groups dangled from gelatin and the amino groups in the tissue [5]. The 

dialdehydes may provide a different bonding strength against the tissue, depending on the 

carbon chain length. Shorter chain length may limit accessibility of the aldehyde groups to the 

proteinatious amino groups. Since commercially available dialdehydes have relatively shorter 

carbon chains, it will be necessary to synthesize a dialdehyde with a longer linear carbon chain. 

Currently, very few dialdehydes, specially a long-chain dialdehyde, are commercially 

available due to the synthesis difficulties.   
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In this study, chitosan and silk fibroin were blended at different ratios, and their as-cast 

films were prepared at room temperature. The blend films were treated with glutaraldehyde 

and 1,10-didecanal, to improve the adhesiveness onto tissue. The dialdehyde and treated blend 

films were then characterized by FTIR spectroscopy. Finally, a tissue adhesion test was 

conducted ex vivo by peeling apart the samples on a tensile test device.   

 

2.2 Experimental  

2.2.1 Materials 

Grade 5A raw Bombyx mori silk was obtained from Fiaçào de Seda Bratac S.S. 

(Brazil). Chitosan was acquired from Natural Biopolymer, Inc. (Raymond, WA). All other 

chemicals used in this study were purchased from Fisher Scientific or Aldrich Chemicals and 

used without further purification. 

 

2.2.2 Silk Fibroin (SF) solution preparation 

SF solution was prepared according to the method previously described by Ha et al [16, 

17]. The dried Bombyx mori raw silk was degummed with 0.25% w/v sodium lauryl sulfate and 

0.25% w/v sodium carbonate in boiling water for 1 h in order to remove sericin. The bath ratio 

was 1:10 w/v. The remaining silk fibroin was carefully washed with a large amount of 

deionized water and dried in a vacuum oven at room temperature. Dried bulk silk fibroin was 

mixed with calcium nitrate solution (Ca(NO3)2•4H2O:MeOH = 3/1 w/w) to prepare 10 % 

(w/w) SF solution.  The mixture was stirred with a mechanical stirrer for 6 h at 65ºC until the 

silk fibroin fibers were completely dissolved.  The SF solution was diluted to a final 
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concentration of 1 % (w/w) after dialysis of the SF solution with cellulose membrane in 

deionized water for 4 days (molecular weight cut off: 6,000-8,000Da).   

 

2.2.3 Chitosan (CS) solution preparation 

As-received chitosan was further deacetylated according to the modified method 

published by Lim et al [18]. This involved heating chitosan powder in 50% NaOH aqueous 

solution at 120ºC with reflux for 2.5 h under nitrogen purge. The resulting product was washed 

by soxhlet extraction with methanol for 1 day, and subsequent washing with deionized water in 

a beaker. The dried chitosan powder with Mv=1.71x105, DD=98.3% was dissolved into 0.2M 

acetic acid (HOAc) solution by stirring to prepare 1 w/w% chitosan solution (CS).  

  

2.2.4 Chitosan/Silk Fibroin (CS/SF) blend film fabrication 

The solutions of SF and CS were mixed by hand in a plastic bottle with a cap and cast 

into 100 or 150 mm diameter petri dishes at different compositions (CS:SF=1/1, 2/1, and 1/2). 

Pure CS or SF films were also included in this study. The total amount of solution was 20.0g 

for the 100 mm dish and 45.0g for the 150 mm dish. The solutions were allowed to evaporate at 

room temperature over 2 days. In the case of pure SF formation, the solution was placed in the 

refrigerator during the drying period to minimize recrystallization of fibroin, which leads to 

brittle films. All of the films were easy to peel and remove from the dishes.   

 

2.2.5 Preparation of 2,4-dinitrophenyl hydrazone of heptanal 

The 2,4-DNPH method is widely used for the determination of aldehyde groups in 
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materials by UV-visible spectroscopy and HPLC analysis [19-21]. 2,4-Dinitrophenyl 

hydrazone of heptanal was prepared from 2,4-dinitrophenylhydrazine (2,4-DNPH) in order to 

make a standard curve. The reaction sequence is described in Scheme 2-1. The 2,4-DNPH 

solution was prepared by a method described previously [19]. 2,4-DNPH (5.0g) containing ca. 

50% water was dissolved in 25mL of concentrated H2SO4 and then added to 35mL of water 

and 125mL of 99% EtOH.  A solution of heptanal (1.14g, 0.01mol) in 40mL of EtOH was 

added to 150mL of the 2,4-DNPH stock solution. A vivid yellow precipitate was immediately 

formed and the reaction was kept for 1 h. The crude product was collected by filtration and 

washed twice with 50mL of 5% NaHCO3 solution and twice with 50mL of water. The product 

was recrystallized from 99% EtOH and collected by filtration (Yield: 2.553g, 86.7%).  

 

2.2.6 Standard curve of 2,4-DNPH-heptanal 

The obtained 2,4-DNPH-heptanal powder (14.7mg, 5mmol) was dissolved in 10mL of 

acetonitrile in a volumetric flask. Other solutions at different concentrations were prepared by 

diluting this stock solution. The standard curve was created from the absorbance value of each 

solution detected by UV-Vis spectroscopy (λmax=361nm, ε=2.2x104).  The molar absorptivity 

constant was calculated by the following Lambert-Beer’s equation: 

A=εcl  

This calibration curve is shown in Figure 2-1. 
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2.2.7 Synthesis of 1,10-didecanal 

A method for the oxidation of primary and secondary alcohols to carbonyl compounds 

with high conversions was reported by Corey et al [22]. The 1,10-didecanal synthesis using a 

modified Corey method, is shown in Scheme 2-2. A normal diol, 1,10-decandiol, was oxidized 

using the modified method. Stirred dimethyl sulfide (3.105g, 50mmol) was prepared at 0 ºC 

under argon atmosphere in a 200mL three necked flask. A suspension of N-chlorosuccinimide 

(5.3mg, 40mmol) in 100mL of methylene chloride was stirred and added to the flask. The 

complex was then cooled to –25 ºC in CCl4-dry ice bath with stirring. Solid 1,10-decanediol 

(1.75g, 10mmol) in 5mL of toluene was added and then stirred for 2.5 h. A solution of 

triethylamine (3.03g, 30mmol) was added, and the cooling bath was then removed. Diethyl 

ether (100mL) was added and the solution was washed twice with 1% HCl solution (30mL). 

The organic layer was washed twice with water and dried using MgSO4 overnight. The dried 

solution was concentrated, and a yellowish liquid (1.21g, 70%) was obtained and diluted with 

CHCl3 to a desired concentration.   

 

2.2.8 Glutaraldehyde treated CS/SF blend film preparation 

All films, except for pure SF film, were treated with two kinds of glutaraldehyde (GA) 

solution. The concentration of GA was 0.01 and 0.05M, respectively. Films were soaked with 

the solution for 10 seconds and washed with deionized water for 10 min then air-dried for 1 

day. Only chitosan film was neutralized with 1N NaOH for 10 min before GA treatment. This 

procedure prevented swelling of the film. On the other hand, blend films were treated with 

0.05M NaOMe/MeOH solution for 10 min before GA treatment, to induce β-sheet 
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conformation of SF and to obtaine the free amine form of chitosan. All GA treated films were 

stored in a desiccator over CaSO4 until they were used.  

 

2.2.9 Didecanal treated CS/SF blend film preparation 

All films were treated with 0.053M 1,10-didecanal in CHCl3. Films were soaked with 

the solution for 10 sec and washed with deionized water for 10 min then air-dried for 1 day. All 

didecanal treated films were stored in a desiccator for later use. 

 

2.2.10 Fourier Transform Infrared (FTIR) and FT-Attenuated Total Reflectance 

(FTIR-ATR) Spectroscopy 

The reaction products of the didecanal synthesis, dissolved in chloroform were 

analyzed using NaCl as a window material. The CS/SF blend films and the didecanal treated 

films were placed on a Ge crystal and the data were collected. All spectra were obtained using 

a Thermo Nicolet 510P FT-IR Spectrometer with OMNIC software. The scans were performed 

with an average of 32 repeated scans at 4 cm-1 scan resolution.  

 

2.2.11 Gas Chromatography-Mass spectrometry 

Gas chromatography with mass spectrometry (GC/MS) was used for the identification 

of didecanal, utilizing a Hewlett Packard G1800A GCD system equipped with DB-5MS 

capillary column (30m x 0.25mm, 0.25μm film thickness) and an electron multiplier detector. 

The reaction product, diluted with CHCl3, was automatically injected by the splitless mode, at 

the flow rate of 1mL/min. The temperature was programmed as a ramp of 10 ºC /min, from 60 
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to 300 ºC, and the inlet and flame ionization detector temperature was set to 280 ºC. The 

chromatogram and spectrum were obtained using Chem Station B.02.04.  

 

2.2.12 UV-Visible spectroscopy 

All UV/visible absorption measurements were performed and the spectra were 

analyzed by using a Varian Cary 3E spectrophotometer with Cary 300 software.  

 

2.2.13 Thermogravimetric analysis 

Thermal degradation measurements were performed and the thermograms were 

obtained using the Perkin Elmer TGA Pyris 1TM. Pure CS, SF, and the blend films, with or 

without dialdehyde treatment of ca. 5-6mg, were mounted onto a Pt pan sample holder. All 

samples were heated under N2 purging until the absorbed solvent and water were almost 

completely evaporated. Each analysis was run from 25 to 900ºC at the rate of 50ºC/min. The 

thermograms indicating the weight loss of the sample were obtained as a function of time.  

 

2.2.14 Dissolving test of CS/SF blend films 

CS/SF films (raw films, GA treated films, and didecanal treated films) were cut into 

1cm x 1cm size, for the determination of crosslinking. They were soaked in 2mL of Ca(NO3)2

•4H2O/MeOH solution and 96% HCO2H, with and without heat, for 2 days. The 2,4-DNPH 

treated CS/SF films (raw films and GA treated films) were also prepared in the same manner 

and soaked in 2mL of 96% HCO2H with and without heat for 2 days. The absorbance of a 

solution of each sample was measured at 361 nm using an absorption spectrophotometer.  
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2.2.15 Bioadhesion/peeling tests 

Porcine intestines were used as the biological testing substrate.  The tissue samples 

were obtained from the Nahunta Pork Center, Nahunta, NC.  They were immediately excised 

after slaughter and stored at –5 ºC in isotonic buffered saline at pH 7.4 (2.38 g of Na2HPO4, 

0.19g of KH2PO4, and 8.0g of NaCl in 1000 mL deionized water).  The intestine tissue was 

carefully washed the next day, the loose surface membranes were removed, and the tissue was 

cut into 1cm x 3cm sections.  Each chitosan/silk fibroin blend film was cut into 1cm x 1cm 

squares, and each was sandwiched between the two tissue samples and covered by two glass 

plates.  A 50g weight was placed onto the 1cm x 1cm bonding area under the glass for 10 min.  

Both ends of the tissue samples were clamped at a gauge length of 1cm, and the peeling test 

was immediately conducted at the rate of 6 mm/min (Instron Model 5544 with a 5N load cell).  

The load to the tissue for peeling was plotted as a function of extension of the clamps.  

Polyethylene film, chitosan, and blend films, without GA or didecanal treatment, were used as 

controls.  Five to six replicates were obtained for each sample.  

 

2.3 Results and Discussions 

2.3.1 Synthesis of 1,10-didecanal  

Figure 2-2 provides the FTIR spectra of the 1,10-decanediol (starting material) and 

didecanal synthesized by oxidation. Evidence of the oxidation was demonstrated from 

absorptions at 2717, 1777, 1708, and 679 cm-1. The absorption at 2717 cm-1 was assigned to 

the overtone of C-H bending in aldehydes. Absorptions at 1777 and 1708 cm-1 were assigned 
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as the C=O stretch in carbonyls and aldehydes. The absorption at 679 cm-1 was assigned to 

C-C-CHO bending. Since the peaks corresponding to –OH stretch at 3406 and 3342 cm-1 in 

1,10-decanediol greatly decreased and peaks of C=O stretch appeared, it was concluded that 

the alcohol was oxidized to the aldehyde during the reaction. However, the product might 

contain residual alcohol or monoaldehyde, because absorptions around 1000 cm-1 were still 

observed.  

Figure 2-3 and 2-4 show the GC-MS chromatogram and spectra of the resulting 

oxidation product. A clear peak for 1,10-decanediol was observed at a retention time at 15.34 

min, which indicates the presence of unreacted starting material. The peak at retention time 

13.75 min was assigned as the corresponding 1,10-didecanal. Even though 1,10-didecanal is 

not commercially available, the retention time should be close to those two peaks because of 

the chemical structural similarities between them. Therefore, the peak of retention time at 

14.54 min was assigned to corresponding mono-aldehyde. The product mixture was found to 

be 1,10-decanediol, 1,10-didecanal, and mono-aldehyde substituted decanol in ratio about 

3:2:1.  

In order to obtain stronger evidence of the presence of 1,10-didecanal, the colorimetric 

2,4-DNPH method was also conducted. Figure 2-5 is a digital image of the didecanal treated 

CS/SF films. The vivid yellow colored films clearly indicated the presence of free aldehyde 

groups. Since one aldehyde in the molecule was reacted with amino groups in CS or SF, there 

must be a free aldehyde group available for reacting with 2,4-DNPH solution. The yellow 

color indicating the hydrazone formed between aldehyde groups in didecanal and hydrazine 
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groups in 2,4-DNPH was not diminished by washing with H2O. Therefore, evidence of the 

presence of 1,10-didecanal in the final product was supported qualitatively.  

Few studies about successful dialdehydes synthesis methods have been reported. 

Reductive oxidation with borane and pyridinium chlorochromate (PCC) was performed to 

convert various carboxylic acid salts to corresponding aldehydes [23]. The yield of 

dialdehydes from dicarboxylic acid salts was quite low, whereas the conversion of carboxylic 

acids, such as hexanoic and decanoic acid salts to the corresponding aldehydes, was 

successful. However, the presence of chromium results in producing toxic waste. Catalytic 

hydrogenation of carboxylic acids via acyl(carboxylato)palladium complexes can provide 

various aldehydes, including dialdehydes, effectively [24]. However, certain dicarboxylic 

acids yield small amounts of the corresponding dialdehydes, when the diacid was easily 

converted to the anhydride. A high pressure reactor is required for the hydrogenation process. 

The modified Corey method used in this study still had a selectivity problem during the 

oxidation process. Nevertheless, this method is useful due to the simple equipment and mild 

condition if further improvement in a proper reaction condition is made. However, the 

amphiphilic nature of the didecanal and higher carbon dialdehydes limits their solubility. 

 

2.3.2 Characterization of CS/SF blend films 

The FTIR-ATR spectra of CS/SF blend films are shown in Figure 2-6. There was 

evidence of high degree of deacetylation of pure chitosan film due to the absence of the 

characteristic bands of C=O stretch at 1650 cm-1 and N-H deformation at 1540 cm-1 for the 

secondary amides. Evidence of the CS was demonstrated by absorptions at 1555, 1075, and 
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1031 cm-1. The absorptions at 1555 and 1075 cm-1 were assigned to the R-NH3
+ deformation 

and C-N stretch in primary amines. The latter peak had a shoulder which also indicated the 

presence of C-O-C antisym stretch of ether bonds. The absorption at 1032 cm-1 was assigned to 

the C-O stretch of primary alcohols in the sugar ring. On the other hand, SF showed 

characteristic peaks at 1645 and 1540 cm-1, which were assigned to C=O stretch and N-H 

deformation in secondary amides of SF. As the composition of the CS decreased with 

increasing SF in order of CS, CS/SF=2/1, 1/1, 1/2, and SF, the characteristic peaks of CS 

decreased and those of SF increased. Since all blend films have relatively few free aldehyde 

groups, their spectra did not exhibit the presence of 2,4-DNPH and the change of the shape in 

spectra, as seen in Figure 2-7. Figure 2-8 shows digital images of CS, blend, and SF films 

treated only with 2,4-DNPH. All films had only a faint yellow color, which indicated little 

chemical reaction happened between films and 2,4-DNPH, and it was mostly washed out. The 

control film of low density polyethylene (LDPE) film, shown in Figure 2-9, did not exhibit any 

yellow color, as expected. Though this colorimetric test using 2,4-DNPH was frequently used 

for monitoring the presence of aldehydes in gas and liquid phases [19-21], few papers have 

reported detection of aldehydes on films. Shannon et al reported the colorimetric monitoring 

on resin-bonded aldehydes [25]. 

TGA thermograms of as-cast CS, SF, and CS/SF blend films are shown in Figure 2-10 

and the corresponding data summary are listed in Table 2-1. Three decomposition steps could 

be observed in the thermogram. The first weight loss occurred in the range of 100-200 ºC, 

which is attributed to water and HOAc evaporation [26]. The second step, the main 

decomposition for both CS and SF components, which occurred in the range of 300-400 ºC 



 
70

should be due to the degradation of the polysaccharide chains and degradation of deacetylated 

units of chitosan [27] and to the decomposition of side chain groups of SF. The degradation 

temperature of pure chitosan film was lower than those of pure SF and blend films. In addition, 

the degradation rate of chitosan was higher than the others.  

Since the chitosan used through the entire experiments was highly deacetylated, 

compared to as-received chitosans, the films had lower thermal stability than chitin, 

as-received chitosan, and SF due to the less N-acetyl groups. Surprisingly, high deacetylated 

CS is less stable than the partially deacetylated one, because chitin is more stable due to the 

hydrogen bond of the amide group. The strong thermal decomposition of SF around this 

temperature range should be related to the disintegration of intermolecular interaction and the 

partial scissions of the molecular structure [15,17,27,28]. On the other hand, pure SF and blend 

films had a similar trend, which would indicate the influence of intermolecular interactions 

between the CS and SF, once they were mixed [15]. These interactions would include 

hydrogen bondings and Van der Waals force. The third decomposition step in the range of 

400-900 ºC would be governed by the further decomposition of chitosan and the main protein 

backbone of SF [17]. Whereas the amount of pure chitosan film residue at 340 ºC was much 

less than the other films, due to the lower thermal stability of CS, the residue differences at 550 

ºC were not as significant. Therefore, incorporating SF moieties surely affected the thermal 

stability of the blend films. 
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2.3.3 Characterization of GA treated CS/SF blend films 

The FTIR-ATR spectra of GA treated CS/SF blend films are shown in Figure 2-11. 

Since SF solution was water-soluble, water-diluted GA treatment was not suitable for SF film. 

After the reaction between CS/SF blend films and GA, free dangling aldehyde groups were 

found at the chitosan C-2 position. Particularly, the characteristic C=O stretch peak of 

aldehyde groups was shown at 1735 cm-1 as a shoulder in the GA treated CS film. Comparing 

with other blend films, the aldehyde peak appeared at a higher wavenumber as a shoulder of 

the peak, corresponding to the C=O stretch in amides of around 1630 cm-1. They were not 

observed in non-GA treated films, as shown in Figure 2-6. The newly formed imine peak (C=N 

stretch, 1690-1640 cm-1) between amino and aldehyde groups was not detected as a single peak 

due to the many other overlapping peaks. The FTIR-ATR spectra of GA and 2,4-DNPH treated 

CS/SF blend films are shown in Figure 2-12. All aldehyde groups were converted to imines by 

reaction with 2,4-DNPH. The peak and shoulder, indicating the aldehyde group in Figure 2-11, 

were diminished in the spectra in Figure 2-12. The result also indicated the presence of free 

aldehyde groups in GA treated films. Figure 2-13 shows digital images of CS, blend, and SF 

films treated with GA and 2,4-DNPH. All films had a vivid yellow color, which indicated a 

chemical reaction occurred between dangling aldehydes of CS/SF blend films and 2,4-DNPH. 

The result also supported the conclusion that GA cross-linked amino groups in chitosan, to 

some extent.  

TGA thermograms of as-cast CS, SF, and CS/SF blend films treated with 0.01M 

glutaraldehyde are shown in Figure 2-14, and the corresponding data summary are listed in 

Table 2-2. Three decomposition steps could be observed in the thermogram, the same as for 
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non-glutaraldehyde treated films. The first weight loss occurred in the range of 100-200 ºC, 

which is attributed to water and acetic acid evaporation. The second step, the main 

decomposition for both CS and SF components, occurring in the range of 300-400 ºC, should 

be due to the degradation of the polysaccharide chains and dehydration of deacetylated units of 

chitosan and to the decomposition of side chain groups of SF. The degradation temperature of 

pure chitosan film was shifted higher by 30 ºC, compared to non-GA treated CS and closer to 

those of pure SF and blend films. In addition, the degradation rate was lower than that of 

non-GA treated CS. When GA was used as a crosslinking agent for poly(vinyl alcohol), the 

thermal stability of the polymer was improved [29].  

These results indicate that chitosan with dangling aldehyde groups might be 

crosslinked to some extent which increases the thermal stability, in addition to the 

intermolecular interactions in pure SF and blend films. Nevertheless, CS and CS/SF blended 

films must have some dangling free aldehyde groups on the surface, according to the 

colorimetric test results (See section 2.3.6). Since SF is mainly composed of amino acids with 

relatively small side groups, such as glycine and alanine [30], which have no way to make 

bonds with GA, SF itself would have very few dangling aldehyde groups. Overall, the third 

decomposition step in the range of 400-900 ºC exhibited similar trends as non-GA treated 

films. While the amount of GA treated chitosan film residue at 340 ºC was more than that of 

non-GA treated chitosan, due to the improved thermal stability, the residue differences among 

the films at 550 ºC were not significant. Therefore, GA treatment on the CS and blend films 

mainly affects the second degradation step. 
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2.3.4 Characterization of didecanal treated CS/SF blend films 

The FTIR-ATR spectra of didecanal treated CS/SF blend films are shown in Figure 

2-15. After the reaction between CS/SF blend films and didecanal, free dangling aldehyde 

groups with a longer alkyl chain than GA were found at the chitosan C-2 position. The 

characteristic C=O stretch peak of aldehyde groups was found at 1720 cm-1 in all didecanal 

treated films, except for CS/SF=1/2. The aldehyde peak appeared at a higher wavenumber as a 

shoulder of the peak corresponding to the C=O stretch in amides around 1650 cm-1. Very sharp 

peaks at 2925 and 2855 cm-1 were assigned to CH antisym and sym stretches due to the long 

alkyl chain of didecanal. The newly formed imine peak (C=N stretch, 1690-1640 cm-1) 

between amino and aldehyde groups was not detected as a single peak due to the many other 

overlapping peaks. 

The FTIR-ATR spectra of didecanal and 2,4-DNPH treated CS/SF blend films are 

shown in Figure 2-16. At this stage, all aldehyde groups must be converted to the 

corresponding imine by reaction with 2,4-DNPH. The peak in Figure 2-15, for aldehyde group 

at 1720 cm-1, was diminished in the spectra in Figure 2-16. The result also indicated the 

presence of free aldehyde groups in didecanal treated films. Figure 2-5 shows digital images of 

CS, blend, and SF films treated with didecanal and 2,4-DNPH. All films had a vivid yellow 

color, which indicated a chemical reaction occurred between dangling aldehydes of CS/SF 

blend films and 2,4-DNPH. The result also supported the evidence that didecanal reacted with 

amino groups in chitosan to some extent. Over all, this colorimetric test was found to be a 

useful qualitative characterization method for surface modifications needed to detect free 

aldehyde groups in the material.  
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TGA thermograms of as-cast CS, SF, and CS/SF blend films treated with 0.05M 

didecanal are shown in Figure 2-17, and the corresponding data summary are listed in Table 

2-3. Three decomposition steps could be observed in the thermogram, the same as for 

non-glutaraldehyde and GA treated films. The first weight loss occurred in the range of 

100-200 ºC, which is attributed to water and acetic acid evaporation. The second step, the main 

decomposition for both CS and SF components, which occurred in the range of 300-400 ºC, 

should be due to the degradation of the polysaccharide chains and dangling aldehyde chains, 

dehydration of deacetylated units of chitosan, and the decomposition of side chain groups of 

SF. The degradation temperature of films with higher chitosan content (CS, CS/SF 2/1, and 

CS/SF 1/1) was shifted higher by 10-15 ºC than that of GA treated films, which maybe due to 

the chemically bonded aldehyde chains. Higher SF content films, such as CS/SF 1/2 and SF 

did not exhibit such an apparent temperature shifting because SF does not have many reactive 

sites towards aldehyde groups, which was confirmed by the colorimetric test. These results 

indicate that dangling long alkyl dialdehyde chains might have contributed to the thermal 

stability to some extent, even though the amount of aldehyde bonded to chitosan amino groups 

was not high (See section 2.3.6). Overall, the third decomposition step in the range of 400-900 

ºC exhibited similar trends as non-GA and GA treated films. While the amount of residue from 

didecanal treated chitosan-containing film at 340 ºC was more than that of non-GA or GA 

treated ones, due to the improved thermal stability, the residue differences at 550 ºC were not 

as significant among the films. Therefore, didecanal treatment on the CS and blend films 

mainly affects the second degradation step. 
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2.3.5 Dissolution tests of CS/SF blend films 

Dissolution tests were conducted in order to evaluate the extent of cross-linking of the 

CS/SF blend films as represented in Table 2-4. Initial tests used a Ca(NO3)2•4H2O solution, 

known as a good solvent for SF. Only the untreated pure SF film dissolved and all other films, 

including dialdehyde treated films (0.01M and 0.05M GA, and 0.05M didecanal), were not 

dissolved due to the incorporation of CS. A subsequent test was conducted using 96% HCO2H, 

known as a common solvent for both CS and SF. Untreated pure CS and SF dissolved within 

ten minutes at room temperature. All untreated CS/SF blend films were completely dissolved 

after 1 day at room temperature. All films treated with 0.01M GA were completely dissolved 

within 2 days under heat, whereas those films treated with 0.05M GA, except for pure SF film, 

retained their integrity after 2 days, even with the addition of heat. When 0.01M GA treated 

films were placed in the solution at room temperature, a large portion of all films remained 

even after 4 days. Since the dialdehyde treated films potentially contained a mixture of 

crosslinks and dangling free aldehyde groups, films treated with a high concentration of GA 

tended to be retained in the solvent. The shrinkage of films after treatment of GA also indicated 

the presence of crosslinks. Films treated with 0.05M GA were not used in other experiments 

because the films were brown colored, probably due to the oxidation of the film in the reactive 

free aldehyde groups.  

All films treated with 0.05M didecanal were dissolved after 6 h at room temperature. 

Even though the weight percent of didecanal was 0.05M, the actual concentration of didecanal 

was assumed to be lower than 0.05M, because the solution was the mixture of the reaction 

products. Therefore, the dialdehyde concentration of 0.01M was not tried throughout the 
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experiments. Indeed, the film was not brown colored after the treatment. Little shrinkage was 

observed in didecanal treated films, and this phenomenon indicated that fewer crosslinks were 

present.  

Overall, crosslinks in films are expected to contribute to the wet strength, while 

dangling free aldehyde groups may improve the bonding strength to tissue. An ability to 

control the degree of crosslinks and free aldehydes will likely influence the degradation rate 

and bioadhesiveness of the film.   

 

2.3.6 Determination of the amount of reacted dialdehydes to CS/SF blend films 

Figure 2-18 shows the hydrazone UV-visible absorption at 361nm for the 0.01M GA 

treated CS/SF blend films dissolved in 96% HCO2H. The absorbance increased with 

increasing CS composition because of the larger amount of amino group at higher CS 

incorporation, which could react with GA than in film of lower CS composition. The 

quantitative measurement may not be accurate, because the standard curve Figure 2-1 was 

made in acetonitrile, which is a common solvent for 2,4-DNPH, not in 96% HCO2H. 

Nevertheless, the absorbance can be comparable for relative amounts of the free aldehyde 

groups.  

Since all films were not completely dissolved at room temperature, the absorbance of 

film was directly measured as an alternative method. A similar trend was observed when the 

absorbance of films was measured by UV-visible spectroscopy, as shown in Figure 2-19. 

Theoretically, the amount of free amino group that can react with dialdehydes is larger in the 

CS film than in the other blend films. Therefore, the chances of forming crosslinks in CS film 
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are likely better than in other blend films. Since the standard curve seen in Figure 2-1 was 

obtained in solution, the concentration of free dangling aldehyde group determined by this 

method may not be accurate for the film. The absorbance value would vary, depending on the 

film thickness and uniformity of reacted dialdehydes and 2,4-DNPH, and the degree of 

dissolution of the film. Therefore, other testing methods will be required to determine the exact 

amount of dangling aldehyde group in the film for future work, such as the LC (Liquid 

Chromatography) method, which allows calculation of the amount of unreacted 2,4-DNPH 

with aldehyde in the film, by extraction. Nevertheless, the colorimetric measurement seems to 

have revealed the presence of the relative free aldehyde group.  

Figure 2-20 shows the hydrazone absorbance at 361nm of 0.05M didecanal treated 

CS/SF blend films dissolved in 96% HCO2H. The absorbance increased with increasing CS 

composition, possibly due to the larger amount of amino group which could form crosslinks, 

rather than due to the film with lower CS composition. This trend also corresponded to the 

results found in the case of 0.01M GA treated films. It indicated that SF incorporated film 

could effectively generate dangling free aldehyde groups rather than crosslinks between the 

molecules. As mentioned above, these results are not exact since 96% HCO2H was used 

instead of acetonitrile, and the standard curve was used as a reference to compare the relative 

difference in amount of the free aldehyde groups in films.  

 

2.3.7 Bioadhesion/peeling tests of CS/SF blend films 

Intestinal tissue is often used for bioadhesion tests due to the stronger adhesiveness 

among mucosal tissues [31,32]. The mean load-extension curve of each layered film is 
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described in Figures 2-21 and 2-22. The peeling load was monitored while the film sample (1 x 

1 cm) was peeled. The control of tissue-tissue peeling curve indicates the force is attributed to 

the surface tension between two slices of tissue, and low-density polyethylene (LDPE) exhibits 

almost no adhesion (Figure 2-21). Untreated films with dialdehydes clearly showed the trend 

in higher peeling strength than that of tissue-tissue control. The CS (DD=98.3) exhibited 

slightly low peeling strength among the untreated films, due to the absence of protein moieties 

(Figure 2-21).  

On the other hand, the GA treated CS/SF blend films, except for GA treated CS, 

generally exhibited much higher peeling load than that of control, and also higher than 

untreated films (Figure 2-22, above). In the previous section, the conclusion was made that 

crosslinking occurred in GA treated CS film, which reduced the reactive aldehyde groups. 

Therefore, the effect of GA treatment on bioadhesiveness was not significant, compared to the 

other GA treated blend films. However, all didecanal treated films did not improve the 

bioadhesivenes as much as GA did (Figure 2-22, below). Therefore, the general trend was that 

the peeling load of them was slightly lower than that of untreated films, due to the low 

concentration of didecanal present on the films and the hydrophobicity of the film by didecanal 

treatment in CHCl3. These load-extension curves indicate that the force applied to films during 

tissue peeling was almost constant to the end of testing.  

The mean load at 5 and 7mm extension by peeling, a relatively plateau region, were 

depicted to compare the peeling load among controls and samples in Figure 2-23. Figure 2-23 

(a) shows the load required at 5mm to peel two slices of porcine tissue holding various films. 

The control, porcine tissue without films, exhibited low peeling load values compared to 
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untreated CS/SF films, because CS/SF films can form physical bonds between amino acid 

residues and CS functional groups. For example, the CS/SF=2/1 film exhibited 1.8 times 

higher strength than that of the tissue control. Untreated CS/SF blend films (2/1, 1/1, 1/2) 

showed almost the same peeling load, about 6mN. Overall, the CS/SF blend films had 

approximately 1.8 fold of peeling strength on average, whereas the untreated CS film exhibited 

1.5 fold of bioadhesion, compare to the control. The CS/SF films without treatment tended to 

show lower load values than those of GA treated CS/SF films, except for the GA treated CS 

film. The GA treated CS/SF=1/1 exhibited the highest peeling load among all samples, and 3.7 

and 2.5 times higher than those of LDPE and the tissue control, respectively. Also, the GA 

CS/SF=1/1 was 1.7 times that of the untreated CS and 2.5 times the GA treated CS film. 

However, the GA treated CS film had almost the same peeling strength as the tissue control 

and even lower than that of CS without GA treatment. Didecanal treated CS/SF blend films 

exhibited slightly improved peeling strength, compared to the tissue control, but the peeling 

load was almost the same as the untreated CS film.  

According to the colorimetric tests described in the former section, the GA treated CS 

film presumably contained crosslinks. The crosslink may reduce the number of free amino 

groups and aldehyde groups in the chemical structure, which disturbs the ionic/physical 

interactions between the tissue and film. On the other hand, blend films possess more dangling 

free aldehydes, which facilitate the formation of stronger chemical bonds between amino 

groups in tissue and aldehyde groups in films, in addition to physical bonds. The didecanal 

treated CS film slightly improved the peeling strength, whereas the didecanal treated 

CS/SF=1/1 film did not. The concentration of didecanal should be lower than that of GA 
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because the didecanal contained impurities. The total free aldehyde groups in didecanal treated 

films, 1 x 1 cm in size, may be lower than those of GA treated films. However, in the case of 

didecanal treated CS film, the concentration seems to be low enough to prevent crosslink 

formation. As a result, the didecanal treated CS film might exhibit an improved peeling 

strength. Another possible reason for the lower peeling load of didecanal treated CS/SF blend 

films, is the wettability after the didecanal treatment. Unlike GA, the didecanal was dissolved 

in CHCl3 and thus the film hydrohobicity became higher after treatment by didecanal. This 

assumption will be confirmed by the contact angle measurement of the film surface.  

Figure 2-23 (b) shows the load required at 7mm extension to peel two slices of porcine 

tissue holding various films. A similar trend was observed in the case of extension at 7mm. The 

GA treated CS/SF blend film group exhibited the highest peeling strength among all samples. 

The GA treated CS/SF=1/1 film had 2.3 and 1.7 times higher peeling strength than those of the 

tissue control and untreated CS film, respectively. The CS/SF blend films without GA 

treatment exhibited 1.6 times higher than the tissue control on average, and had better 

bioadhesiveness, than didecanal treated CS/SF blend films, probably because of the same 

reason described above.  

 

2.4 Conclusions and Suggestions for Future Work 

The CS/SF blend films with dangling aldehydes have been prepared by the chemical 

reaction between amino groups of blend films and aldehyde groups of dialdehydes. 

Colorimetric tests confirmed the presence of free aldehyde groups by forming hydrazones, 

though the absolute amount of aldehyde groups was still difficult to determine. In order to 
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devise a better quantitative measurement of dangling aldehydes, unreacted dialdehyde amount 

can be detected by High Performance Liquid Chromatography (HPLC), if a known 

concentration of dialdehyde solution is used when treating blend films with it.  

Synthesizing dialdehydes is generally difficult and thus commercially available 

dialdehydes have limited availability [23,24]. Even though the modified Corey method 

required a simple and mild reaction condition, the reaction resulted in producing undesirable 

by-products probably because of the stoichimometric amount of oxidizing agent. Some 

dialdehydes have been effectively obtained by direct hydrogenation in the presence of 

palladium catalysts [24]. This method will be useful for producing 1,10-didecanal if 

pressurized hydrogenation equipment is available.  

Bioadhesion tests demonstrated the dialdehyde (GA) treated films improved bonding 

strength of porcine tissue as much as 2.5 and 1.7 times of the tissue control and untreated CS 

film at most. However, didecanal treated CS and CS/SF blend films exhibited about the same 

or slightly low bioadhesiveness, compared to untreated CS film, probably due to the increasing 

hydrophobicity of the films after didecanal treatment. Further improvement in bioadhesiveness 

can be expected by treating the blend film with higher concentrations of dialdehydes.   
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Scheme 2-1  Synthetic scheme of 2,4-dinitrophenyl hydrazone formation caused by a reaction 

between 2,4-dinitrophenyl hydrazine (2,4-DNPH) and aldehydes.  
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Figure 2-1  Standard curve for 2,4-dinitrophenylhydrazone of heptanal at 361nm. 
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Scheme2-2  Synthetic scheme of 1,10-didecanal by oxidation of 1,10-decandiol to the 

corresponding dialdehyde (Modified Corey method).  
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Figure 2-2   FTIR spectra of (a): 1,10-decandiol (starting material) and (b): 1,10-didecanal. 

The spectra were obtained as a KBr pellet.  

(a) 
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Figure 2-3  Gas chromatogram of didecanal mixture after the oxidation reaction. (a): didecanal, 

(b): mono-aldehyde, (c): decanediol  

b)

a) 

c) 
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Figure 2-4  MS spectra of didecanal mixture after the oxidation reaction. (a): didecanal, (b): 

mono-aldehyde, (c): decanediol  
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Figure 2-5  Digital images of 0.05M didecanal and 2,4-DNPH treated CS/SF blend films.(a): 

CS, (b): CS/SF=2/1, (c): CS/SF=1/1, (d): CS/SF=1/2. The yellow color indicates 

the presence of free aldehyde groups.  
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Figure 2-6  FTIR-ATR spectra of CS/SF blend films. (a): CS, (b): CS/SF=2/1, (c): CS/SF=1/1, 

(d): CS/SF=1/2, (e): SF. The spectra were obtained by the film sample on a Ge 

crystal.  
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Figure 2-7  FTIR-ATR spectra of 2,4-DNPH treated CS/SF blend films. (a): CS, (b): 

CS/SF=2/1, (c): CS/SF=1/1, (d): CS/SF=1/2, (e): SF. The spectra were obtained by 

the film sample on a Ge crystal.  
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Figure 2-8  Digital images of 2,4-DNPH treated CS/SF blend films.(a): CS, (b): CS/SF=2/1, 

(c): CS/SF=1/1, (d): CS/SF=1/2. The yellow color indicates the presence of free 

aldehyde groups.  
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Figure 2-9   Digital images of 2,4-DNPH and GA treated low density polyethylene (LDPE) 

film.(a): control (without GA), (b):0.01M GA, (c): 0.05M GA, (d): 25% GA. 

Little yellow color was detectable after 2,4-DNPH treatment, which indicates the 

absence of free aldehyde groups.   
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Figure 2-10  TGA thermograms of CS/SF blend films. (a): CS, (b): CS/SF=2/1, (c): 

CS/SF=1/1, (d): CS/SF=1/2, (e): SF. A scan rate of 50ºC/min was used.  
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Table 2-1  TGA data of chitosan, silk fibroin and their complex films. 

 Onset 
Temp. 

Temp. at 
max. 
rate 

Max. rate Residue at 
340 ºC 

Residue at 
550 ºC 

  (ºC) (ºC) (%/min) (%) (%) 
CS 292  308  63.6  52.2  37.0  

CS/SF 2/1 307  343  30.4  68.0  39.9  
CS/SF 1/1 303  347  24.5  68.1  36.2  
CS/SF 1/2 292  347  21.1  67.8  34.8  

SF 312  344  30.7  73.2  32.7  
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Figure 2-11   FTIR-ATR spectra of 0.01M GA treated CS/SF blend films. (a): CS, 

(b)CS/SF=2/1, (c): CS/SF=1/1, (d): CS/SF=1/2. The spectra were obtained by 

the film sample on a Ge crystal.  
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Figure 2-12  FTIR-ATR spectra of 0.01M GA and 2,4-DNPH treated CS/SF blend films. (a): 

CS, (b)CS/SF=2/1, (c): CS/SF=1/1, (d): CS/SF=1/2. The spectra were obtained 

by the film sample on a Ge crystal.  
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Figure 2-13  Digital images of 0.01M GA and 2,4-DNPH treated CS/SF blend films. (a):CS, 

(b): CS/SF=2/1, (c): CS/SF=1/1, (d): CS/SF=1/2. The yellow color indicates the 

presence of free aldehyde groups.  
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Figure 2-14  TGA thermograms of 0.01M GA treated CS/SF blend films. (a): CS, (b): 

CS/SF=2/1, (c): CS/SF=1/1, (d): CS/SF=1/2, (e): SF. A scan rate of 50ºC/min 

was used.  
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Table2-2  TGA data of 0.01M glutaraldehyde treated chitosan, 
silk fibroin and their blend films. 

 Onset 
Temp. 

Temp. 
at max. 

rate 
Max. rate Residue 

at 340 ºC
Residue 
at 550 ºC 

  (ºC) (ºC) (%/min) (%) (%) 
CS 312  338  42.1  63.7  39.8  

CS/SF 2/1 306  334  30.0  66.3  38.2  
CS/SF 1/1 301  331  27.7  67.3  40.0  
CS/SF 1/2 305  341  31.6  68.2  35.0  

SF 310  347  32.1  71.5  33.0  
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Figure 2-15  FTIR-ATR spectra of 0.05M didecanal treated CS/SF blend films.(a): CS, 

(b)CS/SF=2/1, (c): CS/SF=1/1, (d): CS/SF=1/2. The spectra were obtained by the 

film sample on a Ge crystal.  
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Figure 2-16  FTIR-ATR spectra of 0.05M didecanal and 2,4=DNPH treated CS/SF blend 

films. (a): CS, (b)CS/SF=2/1, (c): CS/SF=1/1, (d): CS/SF=1/2. The spectra were 

obtained by the film sample on a Ge crystal.  
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Figure 2-17  TGA thermograms of 0.05M didecanal treated CS/SF blend films. (a): CS, (b): 

CS/SF=2/1, (c): CS/SF=1/1, (d): CS/SF=1/2, (e): SF. A scan rate of 50ºC/min 

was used.  
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Table 2-3  TGA data of 0.05M didecanal treated chitosan, silk 

fibroin and their blend films. 

 Onset 
Temp. 

Temp. 
at max. 

rate 
Max. rate Residue 

at 340 ºC
Residue 
at 550 ºC 

  (ºC) (ºC) (%/min) (%) (%) 
CS 317  347  37.4  69.9  38.8  

CS/SF 2/1 306  350  25.4  68.1  36.3  
CS/SF 1/1 310  347  28.0  69.7  37.1  
CS/SF 1/2 302  348  24.5  68.2  33.7  

SF 308  345  29.5  70.7  33.5  
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Table 2-4 Graphical dipction of time to dessolution of CS/SF films in 96% formic acid.

Samples ** Pure CS 
and SF  

CS/SF 
blend films 

0.01M GA 
CS and 

CS/SF films

0.05M GA 
CS and 

CS/SF films 

0.05M 
didecanal CS 
and CS/SF 

films 

Room 
temperature < 10 min < 1 day Remained > 

5days 
Remained > 

5days < 2 hours 

Applied heat 
* N/A N/A < 2 days > 2 days N/A 

* Heat by temerature-controlled stirrer    
** n=5      
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*Replication was n=5. 

 
 
 
 
 
 
 
Figure 2-18     The absorbance at 361nm of hydrazone of 0.01M GA treated CS/SF blend films 

dissolved in 2mL of 96% formic acid after 6 hours without applying heat. Some 

fragmented portions remained for all films.  
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Figure 2-19  The absorbance at 361nm of hydrazone of 0.01M GA treated CS/SF blend 

films directly measured by UV-visible spectroscopy.  



 
110

 

 
 
 
 
 
 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

CS CSSF21 CSSF11 CSSF12

A
bs

or
ba

nc
e

 
*Replication was n=5. 

 
 
 
 
 
 
 
Figure 2-20 The absorbance at 361nm of hydrazone of 0.05M didecanal treated CS/SF  

blend films dissolved in 2mL of 96% formic acid after 6 hours without applying 

heat. All films were completely dissolved.   
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Figure 2-21 The mean load-extension curve of peeling test conducted by peeling two slices of 

porcine tissue holding various films; Control films, and CS/SF blend films. Load 

cell: 5N cell, gauge length: 10mm, and peeling rate: 6.0mm/min. Each experiment 

was repeated at least 5 times. 
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Figure 2-22 The mean load-extension curve of peeling test conducted by peeling two slices of 

porcine tissue holding various films; GA treated CS/SF blend films (above), 

Didecanal treated CS/SF blend films (below). Load cell: 5N cell, gauge length: 

10mm, and peeling rate: 6.0mm/min. Each experiment was repeated at least 5 

times. 
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Figure 2-23 The load required at (a): 5mm and (b): 7mm to peel two slices of porcine tissue 

holding various films. Load cell: 5N cell, gauge length: 10mm, and peeling rate: 

6.0mm/min. Each experiment was repeated at least 5 times. 

 

(a) 

(b) 
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CHAPTER 3 

3. The Synthesis and Characterization of Novel Chitosan/Poly(aspartic acid) 

Polyelectrolyte Complex Layered Films with Improved Hemostatic Properties 

Abstract 

Novel chitosan and polyaspartic acid bilayer (CS/PAspNa) and trilayer 

(CS/AspNa/CS) films have been fabricated as a scaffold and hemostatic agent for tissue 

engineering. Chitosan (CS) is a cationic polymer, known to have a hemostatic property as 

well as biocompatibility and an antimicrobial effect. On the other hand, polyaspartic acid 

(PAsp) is a synthetic anionic polymer produced by a thermal polymerization. Combining 

these two substances could form a polyelectrolyte complex, which potentially can be an 

artificial substitute for the extracellular matrix (ECM).  

In this study, the layered films exhibited physical properties better than the 

individual polymers. The layered film exhibited a smooth surface, whereas the CS film had 

a very rough surface. Several degradation studies demonstrated that the improved 

properties can be useful for long-term use in biological conditions. The three layered film 

successfully maintained a sustained-release of a model drug in acidic condition at pH 5. 

The bioadhesion test revealed that layered films exhibited nearly twice the peeling load of 

the control, although the CS film showed the highest value, probably due to the surface 

roughness. The blood coagulation test demonstrated that layered films could promote red 

blood cell aggregation significantly faster than chitosan films. The layered films fabricated 

in this study are proposed as new hemostatic agents.  
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3.1 Introduction 

Recent advances in tissue engineering have been directed towards solving problems 

of patients who have suffered tissue/organ loss or skeletal defects [1,2]. Many natural, 

synthetic and hybrid matrices have been developed to cover wound sites to replace lost 

tissue functions and support cell growth. For example, aliphatic polyesters, of poly(lactic 

acid) and poly(glycolic acid) are versatile biomaterials, due to their biodegradability and 

biocompatibility [1-7]. Certain polyurethanes is are reported as substrates having 

biocompatibility and the mechanical and physical properties necessary for a 

blood-contacting material [8-10].   

The synthetic matrices have many advantages because their molecular designs, and 

mechanical or physical properties can be controlled, and they can be manufactured on any 

scale. However, the usage of synthetic scaffolds is still limited because of poor cell 

attachment/growth, adsorption of untargeted proteins, and induction of thrombogenesis on 

the surface. Furthermore, some synthetic polymers, including polyesters, are difficult to 

modify due to the lack of sufficiently reactive functional groups [11].  On the other hand, 

natural substrates, such as adhesive proteins, have been used extensively, because of 

excellent biocompatibility and bioactivity. However, they have batch-to-batch variations, 

and there are difficulties with establishing large scale processes. Many attempts to establish 

novel biomedical applications have been undertaken by modification or combination of 

natural polymers, including proteins (e.g. collagen [12,13], silk fibroin [14]), 

polysaccharides (e.g. cellulose [15], hyaluronan [16], alginate [17,18], chitin, and chitosan 

[19]). 
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Polyamino acids and polypeptides are also attractive materials for drug delivery 

systems and tissue engineering [20,21]. Among them, polyaspartic acid (PAsp) is useful 

because it is hydrophilic, soluble in water and degrades quickly under biological conditions 

[22]. PAsp is readily polymerized by heat, going through the polysuccinimide (PSI) 

intermediate (Scheme 3-1) [5,23-29]. Mostly, polyamino acids have been prepared by 

N-carboxyamino acid anhydride (NCA) polymerization [30]. Compared to this method, the 

polycondensation of aspartic acid is easier to prepare at low cost, and without any toxic 

reagent, metal catalysts or solvents. Furthermore, PAsp can be easily modified in the 

presence of primary or secondary amino groups due to the high reactivity of PSI. This 

characteristic contributes to the production of various kinds of chemically functionalized 

PAsp derivatives [5,23,31,32]. Because of the high hydrophilicity, PAsp is difficult to 

process by itself for commercial applications, such as for forming fibers, films, and 

sponges. Combining PAsp with conventional polymers such as poly(L-lactide) and 

poly(ethylene oxide) [11,33,34] gives bioactive moieties as well as biodegradability and 

mechanical strength, and such properties are promising for various biomedical applications.  

As described in the previous chapter, chitosan is a biodegradable polysaccharide, 

which is usually the copolymer of N-acetylated and N-deacetylated glucosamines. The 

structural characteristics of chitosan are similar to glycosaminoglycans (GAGs) that exist 

on the surface of cells and in the extracellular matrices (ECM) in nature. In addition, 

chitosan has potential utility for wound dressing and hemostasis applications, due to the 

biocompatible and hemostatic characteristics. Therefore, chitosan is one of the promising 

biomaterials because it mimicks natural ECM. However, chitosan fibers and films are 
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generally known to have poor mechanical strength, particularly when wet [35]. Combining 

other biodegradable polymers with chitosan would produce more ideal scaffolds for tissue 

engineering.   

Chitosan is positively charged, whereas PAsp is negatively charged, thus they can 

form a polyelectrolyte complex. Similar complexes widely exist as ECM in nature. 

Recently, the importance of the three-dimensional structural morphology of ECM as well 

as the surface chemistry and topography, which determines how cells respond to the 

scaffold, has been recognized. Polyelectrolyte multilayer (PEM) [36,37] assembly is a 

step-by-step technique that builds up biomimetic biomaterials and controls the surface 

chemical/mechanical properties. Various combinations of polymers have been selected and 

studied for this purpose [36-39].  

The layer-by-layer assembly of chitosan and PAsp potentially provides a substrate 

for antibacterial action and blood coagulation (hemostasis), as well as a good scaffold for 

cell growth and differentiation. Such a polyelectrolyte complex also has an ability to 

incorporate drugs for targeted delivery. Currently, no report has been published describing 

a chitosan/PAsp complex. This complex is worth developing as a novel hemostatic agent. 

In this study, a layered-by-layer Chitosan/PAsp/Chitosan film is fabricated by 

solution casting. Chemical and thermal characterization includes Fourier transformed 

infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), and differential scanning 

calorimetry (DSC). The physical properties of the film are also analyzed by a swelling test, 

degradation test, and tensile test and compared to the single chitosan film. The morphology 

of the layered film is examined by SEM and stereomicroscopy.  Finally, the enzymatic 
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degradation test, model drug release test, and simple blood coagulation test provide the 

preliminary biological assessment of the film as a hemostatic agent.  

 

3.2 Experimental  

3.2.1 Materials 

Chitosan was acquired from Natural Biopolymer, Inc. (Raymond, WA). All other 

chemicals used in this study were purchased from Fisher Scientific or Aldrich Chemicals 

and used without further purification. 

 

3.2.2 Chitosan solution preparation 

CS solution of 1 % (w/w) was prepared by following the method of 2.2.3.  

 

3.2.3 Polysuccinimide (PSI) synthesis  

The precursor of sodium poly(aspartate) (PAspNa), polysuccinimide (PSI), was 

synthesized by following the method by Neri et al [23] (Scheme 3-1). Fine L-aspartic acid 

powder (10g, 0.075 mol) was mixed with 5.0g of 85% H3PO4 solution in a 500mL flask. 

The mixture was heated for 2.5 h under reduced pressure in an oil bath at 180 ºC.  The 

foam-like mass was dissolved in 100mL of DMF, and the solution was poured into 500mL 

of water. The precipitate was filtered and rinsed with water until it was neutral. The product 

was dried in an oven at 100 ºC for 24 h (Yield: 6.83g, 97%). The viscosity average 

molecular weight (Mv) was determined by the method of Vlásak et al [24]. Viscosity was 

measured in a size 75 Ubbelohde viscometer (Cannon Instrument Co., PA) with a solvent of 
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0.1 M LiCl/DMF at 25 ºC.  The intrinsic viscosity was determined by the Mark-Houwink 

equation, where K=1.32×10-2, a=0.76 [24]. Mv was calculated to be 77,000. 

 

3.2.4 Sodium poly(aspartate) (PAspNa) synthesis 

The recovered PSI (0.3g, 0.003mol/unit) was dispersed in deionized water and 2N 

NaOH was added to adjust the pH to 9-11 [5]. The hydrolysis of the PSI to PAspNa 

occurred in 3 h. The solution was then neutralized with 1M HCl and precipitated into 

methanol. The white crystalline PAspNa was filtered and dried under vacuum (Yield: 

0.495g, 118%). The excess yield was thought to be due to the presence of moisture, as the 

polymer is highly hydrophilic. The reaction scheme is shown in Figure 3-1. 

 

3.2.5 PAspNa solution preparation 

The dried PAspNa powder was dissolved into deionized water by stirring, to 

prepare 1 wt% sodium poly(aspartate) solution (PAspNa). The FTIR spectrum indicates the 

highly degree of hydrolysis, as described in section 3.3.4. 

 

3.2.6 CS/PAspNa/CS three layered film fabrication 

The solution of CS (10g) was cast into 100 mm diameter petri dishes and dried at 

room temperature. Then, the solution of PAspNa (10g) was poured onto the CS film. The 

second CS film was placed on the CS/PAspNa film/solution and left to dry at room 

temperature. The resulting CS/PAspNa/CS was to be called the 3 layered film, whereas CS 
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film (DD=98.3) and CS/PAspNa film were to be called the 1 layer film and 2 layered film, 

respectively.  

 

3.2.7 Fourier Transform Infrared (FTIR) and FT-Attenuated Total Reflectance 

(FTIR-ATR) Spectroscopy 

Synthesized PSI and PAspNa were analyzed using a KBr pellet. Each layered film 

was placed on a Ge crystal and the data were collected. All spectra were obtained using the 

Thermo Nicolet 510P FT-IR Spectrometer with OMNIC software. The scans were 

performed with an average of 32 repeated scans at 4 cm-1 scan resolution.  

 

3.2.8 Nuclear Magnetic Resonance (NMR) Spectroscopy  

NMR spectra were obtained on a Varian Mercury 300 NMR spectrometer operating 

at 300 MHz for the 1H nucleus. Chemical shifts for 1H NMR spectra were reported in δ 

(ppm), with positive values indicating downfield shifts from the reference, 

tetramethylsilane (TMS). Deuterated solvents reference the residual proton peaks to the 

chemical shift of samples. The solvent used in this study was as follows: DMSO-d6, 2.50, 

quintet; and D2O, 4.80. Significant 1H NMR data are tabulated in a later section in the 

following order: chemical shift, multiplicity (s=singlet, d=doublet, t=triplet, q=quartet, and 

m=multiplet), and number of protons.  
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3.2.9 UV-Visible Spectroscopy 

All UV/visible absorption measurements were performed and the spectra were 

analyzed by using a Varian Cary 3E spectrophotometer with Cary 300 software.  

 

3.2.10 Thermogravimetric analysis (TGA) 

Thermal degradation measurements were performed and the thermograms were 

obtained using a Perkin Elmer TGA Pyris 1TM.  CS, PSI, and PAspNa powder of ca. 

2-4mg, were mounted onto a Pt pan sample holder. All samples were heated under N2 

purging, until the absorbed solvent and water were almost completely evaporated. Each 

analysis was run from 25 to 900ºC, at the rate of 30ºC/min. The thermograms indicate the 

weight loss of the sample obtained as a function of time.  

 

3.2.11 Differential Scanning Calorimetry (DSC) 

Thermal analysis was conducted and thermograms were obtained using a Perkin 

Elmer Diamond DSC with a Perkin Elmer intercooler 2P.  CS, PSI, and PASpNa powder 

of ca. 2mg were encapsuled in an aluminum pan. The thermograms were scanned from 25 

ºC to 250 ºC, at the rate of 40 ºC/min, under N2 purging.   

 

3.2.12 Polarized Light Microscopy 

The synthesized polymer, PAspNa, was examined using a Nikon Labophot2-POL 

equipped with COOLPIX digital camera. The polymer was placed on a glass plate and 
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covered with a glass cover. The polymer morphology was examined using 40x lenses under 

polarized light.  

 

3.2.13 Scanning Electron Microscopy (SEM) 

Each layered film was fixed to an aluminum stage for examination by a Hitachi 

S3200 scanning electron microscope. The films were sputter-coated with gold by plasma in 

order to minimize electron charging on the surface and to obtain fine images. Their surface 

and cross-section morphology were examined.  

 

3.2.14 Atomic Force Microscopy (AFM) 

Topography of each layered film fixed with a double-sided tape on a stage was 

examined by a Dimension 3000 atomic force microscope equipped with Nanoscope IIIa 

scanning probe microscope controller (Digital Instruments, Santa Barbara, CA) at ambient 

condition. Topographical and three-dimensional images were acquired in dynamic mode 

using silicon microcantilever probes. The images were captured in 10 x 10 or 20 x 20 μm 

scale at a scan rate of 1.0 Hz, and the surface roughness (Rq), where the root mean square 

of the deviations from the center x-y plane, was also calculated by the software.  

 

3.2.15 Tensile tests 

Tensile testing was conducted using a tensionmeter, Instron (Model 5544P9181 

with a 100N load cell).  The layered films were cut into 0.5cm x 3.0cm in size and the 

ends of the film were clamped at a gauge length of 1cm and the tensile test was 
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immediately conducted at a rate of 4.0 mm/min.  The load to the tissue for peeling is 

plotted as a function of extension. The load to the film to break was plotted as a function of 

extension of clamps, then the data was converted to the corresponding tensile stress-tensile 

strain curve. The values of energy, tensile stress, and tensile strain at break were measured, 

respectively. At least six replicates were obtained for each sample. The resulting profiles 

were analyzed by BlueHill software.  

 

 

3.2.16 Swelling tests 

Each dried layered film was cut into squares 1x1 cm in size and immersed in 10 mL 

of phosphate-buffered saline (PBS, pH 7.4) at 37ºC for 24 h.  The swollen films were 

weighed and dried under vacuum, and the dried films were weighed again.  The swelling 

ratio was calculated as:  

dds WWWq /)( −=  

where Ws is the weight of the swollen film and Wd is the weight of the dried film.  

The experiments were done in six replicates.  

 

3.2.17 Degradation tests in Phosphate Buffered Saline (PBS) 

Each dried layered film was cut into squares 1x1 cm in size and immersed in 10 mL 

of phosphate-buffered saline (PBS, at 37ºC) for the predetermined period (0-28 days). The 

films were taken out of the solution and then dried, and the weight of the dried films was 

measured by a balance at an appropriate time interval. The medium was changed daily to a 
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fresh one, and the dried film after measurement, was put back into the vial. The weight loss 

of the film was recorded and plotted. CS film with DD=83.5% was used as a control, and 

all experiments were done in six replicates.  

 

3.2.18 Enzymatic degradation tests 

Each dried layered film was cut into squares 1x1 cm in size and immersed in 10 mL 

of deionized water containing enzymes, either lysozyme (from chicken egg white, EC 

3.2.1.17, at a concentration of 1mg/mL) or papain (from papaya latex, crude, EC 3.4.22.2 at 

concentration of 10mg/mL) at 37 ºC for a predetermined period (0-14 days). The films were 

taken out of the solution then dried, and the weight of the dried films was measured by a 

balance at an appropriate time interval. The medium was changed every two days to a fresh 

one and the dried film after measurement was put back into the vial. The weight loss of the 

film was recorded and plotted. CS film with DD=83.5% was used as a control and all 

experiments were done in six replicates.  

 

3.2.19 Model drug release tests 

Aqueous solution of Basic Blue 22 (Astrazon, 2g/L) was prepared and 5mL of the 

solution was incorporated during layered film fabrication. All model drug incorporated 

films were cut to be the same weight and immersed in phosphate-buffered saline (PBS) 

with different pH (5.0, 6.5, and 7.4) and the same ionic strength by addition of NaCl. The 

samples were kept at 37ºC for a predetermined period (0-96 h). The films were removed 

from the solution and the absorbance at 630nm of the solution was measured using 
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UV-visible spectrophotometer. The drug release ratio was plotted as a function of time. All 

experiments were done in triplicates.  

 

3.2.20 Bioadhesion/peeling tests 

Porcine intestines were used as the biological testing substrate. The tissue samples 

were obtained from the Nahunta Pork Center, Nahunta, NC.  They were immediately 

excised after slaughter and stored at –5 ºC in isotonic buffered saline at pH 7.4 (2.38 g of 

Na2HPO4, 0.19g of KH2PO4, and 8.00g of NaCl in 1000 mL deionized water). The intestine 

tissue was carefully washed the next day, the loose surface membranes were removed, and 

the tissue was cut into pieces 1cm x 3cm in size. Each layered film was cut into 1cm x 1cm 

squares, and each one was sandwiched between the two tissue samples and covered by two 

glass plates. A 50g weight was placed on the 1cm x 1cm bonding area under the glass for 

10 min. Both ends of the tissue samples were clamped at a gauge length of 1cm, and the 

peeling test was immediately conducted at the rate of 6 mm/min (Instron Model 5544 with 

a 5N load cell). The load to the tissue for peeling was plotted as a function of extension of 

clamps. Polyethylene film, tissue without film, and chitosan were used as controls. At least 

six replicates were obtained for each sample.  

 

3.2.21 Blood coagulation tests 

Venous blood from a donor pig was obtained by a venipuncture in the laboratory of 

Dr. Nancy Monteiro-Riviere, at Clinical Science, College of Veterinary Medicine, NC State 

University. The blood was collected into a 50mL plastic syringe containing 3.5 wt% of 
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sodium citrate as an anticoagulant. A total of 1mL of blood was transferred to each glass 

tube (10 x 75mm) and it was preincubated for 5 min in a water bath at 37ºC. CS (DD=83.5) 

control, CS (DD=98.3) 1 layer film, 2 layered film, and 3 layered film were cut into 1 x 

1cm in size. Half of the films were soaked in phosphate buffered saline (PBS, pH 7.4) for 

30min to be wet, and the other half of the films were dried before the test. Each film 

specimen was put into the blood, and the tubes were placed and incubated at 37ºC until the 

blood was separated into two phases, supernatant and red blood cell aggregation. The tube 

was checked every 30 sec until the blood sedimentation was completed at almost a 1:1 ratio 

of two phases. The time of blood sedimentation was recorded for each sample. Four 

replicates at least were conducted. 

After 1.5 h, all tests were stopped and films were taken out from the blood pool. 

The blood clot formed on each film was captured by a digital camera. The morphology of 

red blood cells was examined by Nikon Labophot2-POL equipped with COOLPIX digital 

camera. A drop from the phase containing red blood cells was placed on a glass plate and 

covered with a glass cover. The 10x and 40x lenses were used.  

 

3.3 Results and Discussions 

3.3.1 Synthesis of PSI  

Figure 3-1 (b) shows the FTIR spectrum of the aspartic acid polymer, PSI. The 

imide peak of PSI synthesized from L-Asp was assigned to the C=O stretch at 1713 and 

1630 cm-1, as reported by Doll et al [28]. The absorption around 1800 cm-1 and 1735 

cm-1was assigned to the C=O antisym stretch in anhydrides of the polymer chain. The 
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1H-NMR spectrum of PSI in DMSO-d6 is shown in Figure 3-2. The characteristic methine 

proton of succinimide at δ=5.2 ppm was observed [5,22]. The peaks between 2.5 and 3.4 

ppm were assigned to methylene protons of succinimide [5,22].  

 

3.3.2 Synthesis of PAspNa  

Figure 3-1 (c) provides the FTIR spectrum of the aspartic acid polymer, PAspNa. 

The spectrum of PAspNa converted from PSI by alkaline treatment exhibited characteristic 

absoption bands 3300 cm-1 for N-H stretch, 1650 cm-1 for C=O stretch in secondary amides 

(Amide I bond), 1610 and 1400 cm-1 for COO- sym and antisym stretches, and 1550 cm-1 

for N-H deformation in secondary amide (Amide II band), respectively [40].  

The 1H-NMR spectrum of PAspNa in D2O is shown in Figure 3-3. The broad α/β-amide 

methine protons at δ=4.4 and 4.6 ppm were observed [41,42]. According to Matsuyama et 

al [42], the upfield peak was determined as β-aspartyl residues. The broad peak at 2.7 ppm 

was assigned to methylene protons. These results indicate that the starting monomer was 

highly polymerized to the corresponding polymer, PSI, and, following alkaline hydrolysis, 

converted to PAspNa.   

 

3.3.3 Thermal studies of PSI and PAspNa 

TGA thermograms of CS, PSI, and PAspNa powder are shown in Figure 3-4 and 

3-5, and the corresponding data summary under nitrogen or air purge are listed in Table 3-1 

and 3-2, respectively. Three decomposition steps could be observed for CS powder. The 

first weight loss occurred at around 100 ºC, which was apparently attributed to water 
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evaporation. The second decomposition step, the main decomposition of the polymer 

backbone, appeared in the range of 320-350 ºC, due to the degradation of the 

polysaccharide chains and deacetylated units of CS [43]. The third step was assigned to be 

the loss of residues during the final oxidizing process under air flow, as shown in Figure 

3-5.  

As for PSI, it was synthesized by a thermal condensation reaction in the presence of 

phosphoric acid as a catalyst. Four decomposition steps were observed. The first step, 

around 100 ºC, must be the loss of water, and the second one, in the range of 150-200 ºC, 

was attributed to the dehydration in the presence of H3PO4 catalyst [27]. The main 

decomposition step was observed in the range of 440-460 ºC, which indicated that PSI was 

more thermally stable than the other two polymers. Co-monomers polymerized with PSI 

can give thermoplastic polymers, poly(imide-amide)s, which exhibit decomposition 

temperatures lower than that of PSI [25].  The last step was assigned to be the loss of 

residues during the final oxidizing process under air flow, as shown in the figure.  

PSI can be easily hydrolyzed in an alkali medium for conversion into PAspNa [27]. 

Three decomposition steps were involved for PAspNa degradation. The first step around 

100 ºC must be the loss of water. The second one, in the range of 300-500, ºC seemed to 

involve two distinct processes, probably because the polymer has both α- and β- form in 

the chain when hydrolyzed [22,25,27,28]. Furthermore, PAspNa residue could still be 

observed even after the oxidation process. This result indicates that the residue contained 

some inorganic compounds, such as Na2CO3. According to a calculation, ca. 38% of ash 
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remains if the all polymer residue is converted to Na2CO3. Since the residue of PAspNa at 

800 ºC was 31%, as shown in Table 3-2, this result corresponds to the prediction.  

DSC thermograms of CS, PSI, and PAspNa powder are shown in Figure 3-6. 

Chitosan powder (a) exhibited a broad peak at 135 ºC, which is considered to be a glass 

transition, as reported in the article by Kweon et al [44]. On the other hand, Bae et al 

reported that chitosan films, with or without crosslinking, have a broad exothermic peak 

around 100 ºC [45]. PSI is known to be degraded without glass transition or melting [22]. 

The thermograph (b) demonstrated the same feature as reported, except for a major peak 

around 155 ºC. It is attributed to phosphoric acid residue, because the boiling temperature 

of phosphoric acid is 158 ºC. PAspNa thermograph (c) exhibited a very minor slope change 

at 145 ºC, which might be a glass transition. It also had an endothermic peak at 212 ºC, 

which was assumed to be the melting point.  

The PAspNa powder was then analyzed by a polarizing microscope in order to 

confirm the presence of crystallinity in the polymer. As shown in Figure 3-7 (a) and (b), the 

images obtained using two polarizing filters revealed that some portion of polymer had an 

anisotropic crystal structure. This result also supported the fact that PAspNa was possibly a 

semi-crystalline polymer. For further investigation of PAspNa characteristics, dynamic 

mechanical analysis (DMA) technique will be more useful to understand the minor 

transition seen in the thermogram.  
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3.3.4 Characterization of CS/PAspNa/CS layered films 

The ATR-FTIR spectra of first to the third layers of CS/PAsp/CS are shown in 

Figure 3-8. With respect to the first and third layer of chitosan (a) and (c), their 

characteristic absorption band looked almost the same.  The absorption at 1555 and 1075 

cm-1 was assigned to the R-NH3
+ deformation and C-N stretch in primary amines. 

Furthermore, peaks at 1152, 1074, and 1024 cm-1 were assigned to the C-O stretch, C-O-C 

antisym stretch in ether bonds, and C-O stretch in C-OH in glucopyranose, respectively.  

On the other hand, the second layer of PAspNa deposited on the chitosan layer exhibited 

the characteristic peaks of carboxylic salts and secondary amides, instead of the peaks of 

N-glucosamine.  The peaks at 1704 and 1408 cm-1 were assigned as C=O stretch and 

COO- sym stretch in carboxylic acid salts of PAspNa.  In addition, the peaks 

corresponding to C=O stretch and N-H deformation (amide II band) in secondary amides 

appeared at 1638 and 1550 cm-1, respectively.  Furthermore, the peaks due to the sugar 

rings decreased dramatically in the PAspNa layer because the PAspNa layer was covered 

by the first layer of CS. These results indicate that each layer could be assembled on the 

Petri dish layer-by-layer, without any mixing.   

TGA thermograms of 1, 2, and 3 layered films are shown in Figure 3-9 and the 

corresponding data summary under nitrogen purge is listed in Table 3-3, respectively. 

Three decomposition steps were observed for all films. After water or solvent evaporation 

in the range of 100-200ºC, the main decomposition occurred, indicating the backbone 

cleavage of polymer chains. The temperature at the maximum rate for 1 layer film was 

lower than for other layered films, and the degradation maximum rate of CS film was much 
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higher than that of layered films. These results indicated that it was attributed to the 

formation of ionic bonds between the two kinds of polyelectrolytes, CS and PAsp. The 

third decomposition gradually occurred for all films, and the amount of residue at 550 ºC 

exhibited almost the same level for each sample.  

 

3.3.5 Morphology of layered films 

The surface and cross-sectional SEM images of chitosan and layered films are 

shown in Figure 3-10. The surface image of the pure chitosan film (a) showed a rough 

surface. The roughness is very evident at high magnification (b), although the degree of 

roughness could not be measured by SEM. On the other hand, 2 and 3 layered film 

exhibited smooth and uniform surfaces, as shown in Figure 3-10 (c), (e), and (f). However, 

some had cracks running in the same direction in a small area of the 2 layered film (d), 

although most of the surface was smooth. This indicated that some physical force was 

partially applied between the two components at the interface when the polyelectrolyte was 

formed. There was no such phenomenon observed at the surface of the 3 layered film, but it 

could happen at the interface inside the film.  

The cross-sectional images of films are shown in Figure 3-11. The pure chitosan 

pure film (a) did not have a boundary, whereas distinct boundaries of 2 and 3 layers could 

be observed in layered films ((b)-(e)). These results indicate that layer-by-layer assembly of 

chitosan and PAspNa was maintained during the drying process.  

Dynamic mode topographical and three-dimensional AFM images of CS film in a 

scan range of 10 x 10, and 20 x 20 μm are shown in Figure 3-12 and 3-13. Concave and 
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convex structures with an average size of 3.5μm were observed all over the scan area at 

both scales. This feature was expected from the SEM observation. The surface roughness 

Rq was 46.5 and 58.2 nm, respectively. In contrast, the surface of the 2 layered film was 

very smooth even in at 10 x 10 μm, as seen in Figure 3-14. There was a groove across the 

area, which is considered as some kind of artifact in the film. The surface roughness was 

5.8 nm, almost 10% of the CS surface. On the other hand, the surface of 3 layered film was 

also smooth, however, lots of spikes in 0.5 μm size were distributed all over the area as 

seen in Figure 3-15 and 3-16. Nevertheless, those spikes did not affect the surface 

roughness parameter much, and the roughness was 5.3 and 8.1 nm, which was also about 

10-15% of the roughness of a CS film. Furthermore, the background of the 3 layered film 

indicates the presence of fibril structure in the chitosan layer. This feature was also 

observed in the CS 1 layer film, however, the 3 layered had more developed structure. The 

flatness of the layered film surface is probably attributed to the increasing of surface energy 

while two phases were in contact and their drying process. 

The identity of the spikes in the 3 layered film was not determined. However, it is 

obvious that the film becomes very smooth when they are formed from the polyelectrolyte 

complex. The observation was consistent with the expectation considered from the SEM 

results. The surface roughness is assumed to be one of the factors that can affect the 

bioadhesiveness or cell attachment.  
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3.3.6 Mechanical property of layered films 

The variance of initial modulus, tensile stress at break, and tensile strain at break of 

dry layered films are listed in Table 3-4. As expected, the 1 layer film of CS exhibited the 

typical tough plastic behavior, with a yield point in the stress-strain curve. This class of 

polymers usually has a lower initial modulus than brittle plastics and a plastic flow region 

for stress in the range of 20 to 50MPa [46]. Tough polymers also break at about 50% 

elongation [46]. The CS film exhibited 1.78GPa initial modulus, 67.5MPa tensile strength, 

and 53% elongation at break, which correspond to the properties of a tough polymer. On 

the other hand, the 2 layered film showed a somewhat lower initial modulus of 1.53GPa. 

The film was ruptured without a yield point. The energy required to break was much lower 

than that of CS film, and the stress and strain at break were 30.6MPa and 6%, respectively. 

These results indicate that the properties of the film were greatly changed by forming a 

polyelectrolyte complex. At this point, the toughness of the layered film was very low. 

However, 3 layered film exhibited 3.48GPa of high initial modulus and no yield point, 

which is a feature of a brittle plastic. Typical stress in this class of polymers is about 

60MPa [46], whereas that of 3 layered film was 102.9MPa. The strain at break was 14%, 

which is higher than that of typical brittle plastic, but much lower than that of the tough 

plastic. These results indicate that the 3 layered film has a very high modulus as a brittle 

plastic, by forming a polyelectrolyte complex, yet it slightly exhibits the property of tough 

polymers because of the two outer layers of chitosan.  
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3.3.7 Swelling property of layered films 

The effect of pH on the swelling of the layered films was examined in PBS at 

different pH levels at 37 ºC. Figure 3-17 shows the swelling ratio of the films soaked in 

PBS with pH 5.0. The control CS film (DD=83.5) and the 1 layer CS film (DD=98.3) were 

dissolved after 24 hours. On the other hand, 2 and 3 layered films retained their shape and 

exhibited the swelling ratios of 6.6 and 0.8, respectively. The 2 layered film was swollen 

more than 8-fold, as was the 3 layered film, probably due to less polyelectrolyte complex 

formation.  

The swelling ratio in PBS with pH 7.4 is shown in Figure 3-18. The highly 

deacetylated CS film was much more swollen (swelling ratio: 22.1) than other types of film 

(swelling ratio: 2.5-4.0), including the reference CS film, with DD=83.5. The 1 layer CS 

film (DD=98.3) exhibited 5-9 times the swelling ratio of the rest of the films. This may be 

due to the fact the highly deacetylated CS film was somewhat protonated and solvated by 

water, whereas other films excluded water molecules, due to the ionic interaction between 

the polyelectrolytes in layered films or hydrogen bonding attributed to N-acetyl content in 

the reference CS film.  

The swelling ratio in PBS with pH 9.0 is shown in Figure 3-19. The swelling ratio 

of all films was relatively low (0.5-1.5) compared to the swelling ratio in other pH 

conditions. The value was changed, possibly depending on the amount of available amino 

group content that could interact with water.  
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3.3.8 Degradation tests in Phosphate Buffered Saline (PBS) 

Film weight changes of CS and layered films immersed in PBS (pH 7.4, 37 ºC) 

were illustrated in Figure 3-20. A great decrease in weight of all films was observed at the 

very beginning of the period. The degree of decrease in weight became lower in the 

following sequence: 1 layer CS film (DD=98.3), 2 layered film, 3 layered film, and control 

CS film (DD=83.5). The CS 1 layer film was quickly swollen and became pulp-like 

fragments. Therefore, 1 layer film was only 56% of its original weight after a 24 hour 

immersion. The film weight decreased continuously toward the end of the period, and the 

final weight was 16%. The film no longer retained its original shape but shattered to small 

pieces, as seen in Figure 3-21.  

On the other hand, 2 layered film and 3 layered film retained their shape throughout 

the experiment, as shown in Figure 3-21. A sharp weight loss was observed for both 

layered films for the first 24 h, then the weight was almost constant after that. The final 

weight of 2 and 3 layered films were 54 and 72% of the original, respectively. These results 

indicate the ionic interaction between polyelectrolytes somewhat prevent degradation of 

layered films, and the overall structure of 3 layered film was stronger than that of 2 layered 

film.  

The control CS film lost only 20% of original weight throughout the period. This is 

because partial N-acetyl residue forms intermolecular hydrogen bonds, just like chitin does, 

which makes the film hard to degrade. The film’s shape was retained even after 28 days 

(Figure 3-21).  
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3.3.9 Enzymatic degradation tests 

Film weight changes of CS and layered films immersed in lysozyme solution 

(1mg/mL, 37 ºC) are illustrated in Figure 3-22. As expected, the control CS film (DD=83.5) 

was completely degraded by lysozyme within 15 h, whereas 1 layer CS film (DD=98.3) 

retained 74% the original weight after 14 days. The 3 layered film was degraded to the 

same level as the 1 layer of CS, whereas the 2 layered film was more degraded and retained 

57% of its original weight. Only in the case of layered films, the media became turbid as 

soon as the enzyme solution was poured into the vial. 

Stereomicroscope images of films are shown in Figure 3-23. All films, except for 

control, retained their shape, even though some weight loss occurred during the degradation 

process. Lysozyme is a well known enzyme that binds a polysaccharide segment of six 

sugar rings and cleaves the molecular chain by hydrolysis of the acetal link [47]. For 

instance, lysozyme is active to gram-negative bacteria, which has polysaccharides with the 

N-acetylglucosamine residue on the cell wall. For chitosan, fully deacetylated oligomers 

and highly deacetylated chitosan are little degraded by lysozyme [47,48] because 

N-acetylglucosamine moieties are needed for binding with lysozyme [49]. The control CS 

film was more acetylated (DD=83.5) than the 1 layer CS film (DD=98.3), thus the result 

corresponds to the trend already reported. Therefore, the result supports the fact that 

lysozyme is active to N-acetylglucosamine residue, not to N-glucosamine.  
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Film weight changes of CS and layered films immersed in crude papain solution 

(yellowish powder, 10mg/mL, at 37 ºC) are illustrated in Figure 3-24. The control CS film 

was completely degraded by lysozyme within 24 h, whereas 1 layer CS film remained and 

actually increased in weight by 5% after 14 days. The weight increase is probably due to 

the binding of crude papain residues on the film. The 3 layered film also inhibited 

degradation and retained its original weight, whereas the 2 layered film was more degraded 

and retained 87% of its original weight. Only in the case of layered films, the media 

became turbid as soon as the enzyme solution was added, as did the lysozyme solution. 

Overall, lysozyme was more effective in the degradation of CS and layered films. 

Stereomicroscope images of films are shown in Figure 3-25. All films, except for the 

control, retained their shape even though some weight loss occurred during the degradation 

process. The films became brown, probably due to the deposition of crude papain residues. 

In general, papain is known to cleave peptide bonds of basic amino acids, such as leucine or 

glycine, and also to hydrolyze esters and amides. Papain is also a non-specific enzyme that 

is active to chitosan depolymerization [50], as well as cellulose, pectinase, pepsine, and 

wheatgerm lipase [51]. Accoding to the results, the papain activity varied depending on the 

degree of deacetylation, which was observed in the case of lysozyme. Therefore, it is 

suggested that papain recognizes N-acetylglucosamine residue as well as lysozyme.  

 

3.3.10 Model drug release tests 

The effects of pH on the release of model drug (Basic Blue 22, a cationic dye) from 

CS and layered films are shown in Figures 3-26 to 3-28. At pH 5.0,as shown in Figure 
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3-26, the 1 layer CS film was quickly swollen and started to break into pulp-like fragments. 

Therefore, a bursting diffusion of the dye occurred, and the release ratio kept shifting to 

around 82%. The 2 layered film was found to be swollen greatly at this pH (Section 3.3.7), 

thus a similar trend was observed for the film with the release ratio of around 88%. 

Generally, the swelling behavior and film uniformity greatly influence the drug release 

trend [52,53]. On the other hand, the drug release from the 3 layered film was much less (~ 

53%) at the beginning of the test and stayed around 60% for 24 h, and finally increased to 

84%. The release from the 3 layered film at pH 5.0 was the slowest among all conditions 

due to the low swelling ratio. These results indicate that the outer layer of chitosan was 

sufficiently ionized to form a polyelectrolyte complex with PAspNa, without dissolution. 

At this pH, the dye and CS are cationic and repel each other, whereas PAsp is partially 

protonated and neutral. Nevertheless, a sufficient polyelectrolyte complex and interaction 

between the cationic dye and PAsp are likely formed, which prevents quick release of dye 

from the film.  

Figure 3-27 shows the results at pH 6.5. The 1 layer CS film was quickly swollen 

and it diffused the dye right after immersion. This pH probably was low enough to make 

the film swell, but not enough to produce a significant level of the ammonium ions in 

chitosan (The pKa of CS is about 6.0.) in order to form a polyelectrolyte complex. The 2 

and 3 layered films also released 65 % of dye within 2 hours and maintained release up to 

85% and 86%, respectively. Even though the PAspNa in the 2 layered film has an anion 

that can interact with the cationic dye, the PAspNa component is susceptible to water. 
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Therefore, the dye was quickly washed out, together with PAspNa, when the 2 layered film 

was soaked in the medium.  

At pH 7.4 shown in Figure 3-28, all films released around 80-88% of the dye at the 

end of the period. However, the overall diffusion rate of 1 layer was smaller than that of 2 

and 3 layered films. It indicates that it took more time for the layered films to be swollen. It 

will be possible to control the drug release rate, depending on the outer CS thickness, 

degree of deacetylation, and degree of ion complex formation, as well as the pH of media. 

Moreover, the effect of film architecture is also important for drug release behavior [39]. 

More studies of the film morphology (porous/ non-porous, uniformity) and film assembly 

will be needed.  

 

3.3.11 Bioadhesive/peeling tests 

Intestinal tissue is often used for bioadhesion tests, due to the stronger adhesiveness 

among mucosal tissues. The mean load-extension curve of each layered film is described in 

Figure 3-29. The peeling load was monitored while the film sample (1 x 1 cm) was 

extended. As a general trend, the 1 layer CS (DD=98.3) exhibited a higher peeling load 

than that of 2 and 3 layered films. The mean load at 5 and 7mm extension, relatively at the 

start of plateau region, were depicted to compare the peeling load among controls and 

samples in Figure 3-29. 

Figure 3-30 (a) shows the load required at 5mm extension to peel two slices of 

porcine tissue holding CS and layered films. Two controls, the low density polyethylene 

(LDPE) and porcine tissue without films, exhibited low peeling load values compared to 
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the 1 layer CS (DD=98.3) and layered films because they can only form physical bonds 

between amino acid residues, and CS functional groups. The layered films tended to show 

lower load values than that of CS film. Amaral et al reported that highly deacetylated 

chitosan membrane with DD=96% improved the cell adhesion and fibronection adsorption 

on the surface more than those of membranes with lower DD [54]. 

The l layer CS film exhibited the highest peeling load with the strongest 

bioadhesion among all test conditions, which supports this report. The total peeling load for 

the 1 layer CS film was 2.5 times that of the control LDPE film. However, the 3 layered 

film, also sandwiched with the same chitosan layers, showed a lower bioadhesiveness than 

1 layer CS. This could be because of the low surface roughness of the 3 layered film, which 

also influences the adhesiveness. The 2 layered film surface was also smooth, according to 

the SEM result, which is also the reason for the lower peeling load. Nevertheless, the 

layered films exhibited about 1.7-fold peeling strength of the control. For further 

investigation of the surface morphology, Atomic Force Microscopy (AFM) revealed 

differences in surface roughness among the films. The 1 layered film had almost 10 times 

the surface roughness of the 2 and 3 layered films, as described in the earlier section.  

Figure 3-30 (b) shows the load at 7mm required to peel two slices of porcine tissue 

holding CS and layered films. A similar trend was observed for the 1 layer, and layered 

films, which exhibited increases of 2.3- and 1.9-fold in peeling strength over that of the 

control LDPE film, respectively. It indicates that the force being applied to films during the 

peeling, tends to reach the plateau at the end of extension, as described in Figure 3-29. 
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3.3.12 Blood coagulation tests 

The blood coagulation test was conducted by measuring the time of red blood cell 

sedimentation or “erythrocyte sedimentation rate”, in anti-coagulated blood. A standardized 

method called erythrocyte sedimentation rate (ESR) has been widely used for one of the 

diagnosis of various diseases [55]. The Westergren method is frequently used, which 

requires a specific glass tube (2.5 x 300 mm) to let the blood is settle for an hour. In this 

study, conventional glass tubes (7.5 x 100 mm) were used whether the blood sedimentation 

is observed or not, by addition of fabricated chitosan and layered films into the tube.  

The effects of various films on the blood sedimentation time when the supernatant 

and erythrocyte agglutination were separated as equal phases at 1:1, are summarized in 

Table 3-5. The anticoagulant blood did not separate during the testing. Two CS films 

(DD=83.5 and DD=98.3) did not completely agglutinated the blood cells within 1.5 h, 

whereas the layered films exhibited the clear blood sedimentation with both dry and wet 

films. In fact, the difference in DD values had no observable effect on the sedimentation 

time. The 2 layered film exhibited the fastest blood sedimentation rate at 26 min with dried 

film, and 33 min with wet film. On the other hand, 3 layered film showed the second fastest 

blood sedimentation rate at 31 min with dry, and 44 min with wet film. The wet film state 

slowed the diffusion of the blood components, while the dry state allowed immediate 

contact of the blood. The blood sedimentation of 2 layered film was 5-10 min faster than 

that of 3 layered film.  

Chitosan is known to improve the blood coagulation time, as introduced in Chapter 

1. Surprisingly, both chitosan films used in this study did not show the rapid red blood cell 
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agglutination, even though the blood separation was slightly observed, as shown in Figure 

3-30 (above). Interestingly, both 2 and 3 layered films exhibited rapid blood sedimentation 

rates. The effect of the layered films on formation of blood clots was obvious. The blood 

cell phase of 2 and 3 layered films became viscous, compared to the chitosan ones and the 

control blood sample that was only citrated. Large clots were formed on the layered films 

after 1.5 h immersion, whereas two CS films had only small clots present (Figure 3-30, 

below). It is well known that chitosan generally activates platelets during hemostasis. 

However, the blood used in this study contained sodium citrate which can chelate calcium 

ions that are involved with the platelet activation. These results indicate that blood 

coagulation via platelet pathway of chitosan might be blocked due to the chelation. 

Furthermore, the 2 and 3 layered films promoted the red blood cell aggregation in the 

absence of enough calcium ions, which indicates the layered films can activate erythrocytes. 

At this point, the detail mechanism how the layered films interact with erythrocytes, either 

chemically or physically, is not clear. The role of erythrocytes when the blood contacts to 

materials has been less considered, because the concentration of red blood cell is usually 

much less near vessel wall than in the middle of the vessel [56], thus the involvement of 

erythrocytes is considered to be minor factor for the blood coagulation. However, the 

results obtained suggest that the layered films trigger the red blood sedimentation and form 

blood clots via different blood coagulation pathway from the general pathway. 

After the blood sedimentation test, a drop was taken from the agglutination phase 

and the cell morphology was examined by a stereomicroscope as shown in Figure 3-31 and 

3-32. At lower magnification (x10), erythrocytes were evenly distributed in the blood 
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without film (Figure 3-31(a)), whereas they were partly aggregated in all other films. 

However, at higher magnification (x40), erythrocytes of two CS films (DD=83.5 and 98.3) 

were partly aggregated but less dense than those of 2 and 3 layered films. More studies will 

be needed to determine which film can form a larger blood aggregation effectively. 

Nevertheless, the layered films were proven to be effective materials that promote the red 

blood cell aggregation and thus are promising materials as new hemostasis agents.  

 

3.4 Conclusions and Suggestions for Future Work 

Novel CS/PAspNa bilayer and CS/AspNa/CS trilayer films have been fabricated by 

layer-by-layer deposition. Several characterization techniques confirmed the synthesis of 

one of the polyelectrolytes, PAspNa, by thermal condensation polymerization, and 

subsequent hydrolysis. In order to assess the thermal/physical properties of polymers and 

layered films, other techniques, such as dynamic mechanical analysis (DMA), and 

transmission electron microscopy (TEM), will be useful to obtain more detailed 

information of polymer microstructures.  

The mechanical properties of 3 layered film were much improved by forming a 

polyelectrolyte complex. CS was a tough polymer, whereas the layered film was a more 

brittle plastic with higher initial modulus and less stain at break. The complex also affected 

the swelling properties of the film, as the layered film gave much lower swelling ratios, 

even under acidic conditions.  

The 1 layer CS film was not enzymatically degraded, due to the high deacetylation, 

as other studies have already reported. CS with DD=83.5% was completely degraded, 
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whereas the 1 layer film with DD=98.3 was not. The layered film was also resistant to 

enzymatic degradation, as well as physiological degradation, due to the polyelectrolyte 

complex.  

The model drug release test revealed that 3 layered film demonstrated the 

sustained-release of drug at pH 5.0. The acidic condition probably produces enough ions to 

help retain the drug (dye) between the layers. However, more acidic conditions are 

unavailable, since both CS and layered film were dissolved below pH 4. Further 

improvements in the layered films will be useful to control the drug release, by changing 

film architecture, such as film thickness, uniformity, porosity, and surface roughness.  

Bioadhesion tests demonstrated that the 1 layer CS and layered films improved the 

bonding strength of porcine tissue 2.5-fold. The 1 layer film exhibited the best bioadhesion 

among the samples, perhaps due to its roughness.  

Blood coagulation tests revealed that 2 and 3 layered films effectively form red 

blood cell aggregates, whereas chitosan films were not as effective, based on macroscopic 

and microscopic observations. These layered films can be proposed as new hemostatic 

agents, even though the detailed hemostasis mechanism must be clarified in future studies. 

Other conventional blood coagulation tests, such as whole blood clotting time and plasma 

factor time, will also be useful methods in order to understand the blood coagulation 

pathway associatedwith the layered films.  

It is well known that cell adhesive peptide sequences, such as Arg-Gly-Asp, play an 

important role in various cell cycles, including cell adhesion.  Further improvement in 
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bioadhesion can be expected by chemical modification of the cell-binding motif on the 

layered film. Such an attempt will be addressed in future work.  
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Scheme 3-1 Thermal condensation polymerization of L-aspartic acid and hydrolysis to 

poly(aspartic acid).  



 
152

 
 
 

5001000150020002500300035004000

w avenum ber (cm -1)

A
bs
o
rb
an

c
e

 
 
 
 
 
 
 
 
 
Figure 3-1 FTIR spectra of (a): L-aspartic acid(starting material), (b): PSI, and (c): PAspNa 

The spectra were obtained using a KBr pellet.  
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Figure 3-2  1H NMR spectra of PSI in DMSO-d6 (300MHz). 
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Figure 3-3  1H NMR spectra of PAspNa in D2O (300MHz). 
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Figure 3-4 TGA thermograms of polymers under N2 atmosphere. (a): CS, (b): PSI, and (c): 

PAspNa. A scan rate of 30 ºC/min was used. 
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Table 3-1  TGA data from various polymer powders (under N2 atmosphere). 

 
Onset 
Temp. 

Temp. at 
max. 
rate 

Max. rate 
Residue at 

350 ºC 
Residue at 

550 ºC 

  (ºC) (ºC) (%/min) (%) (%) 
CS 325  346  36.3  61.1  33.8  
PSI 444  456  91.7  86.7  30.1  

PAspNa 303  316  15.0  66.7  49.7  
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Figure 3-5 TGA thermograms of polymers under air flow. (a): CS, (b): PSI, and (c): 

PAspNa. A scan rate of 30 ºC/min was used. 
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Table 3-2 TGA data from various polymer powders (under air flow). 

 
Onset 
Temp. 

Temp. at 
max. 
rate 

Max. rate 
Residue at 

350 ºC 
Residue at 

800 ºC 

  (ºC) (ºC) (%/min) (%) (%) 
CS 314  335  35.2  51.7  0.0  
PSI 446  461  80.0  86.5  6.5  

PAspNa 307  321  13.1  66.3  31.2  
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Figure 3-6 DSC thermograms of polymers under N2 atmosphere. (a): CS, (b): PSI, and (c): 
PAspNa. A rate of 40 ºC/min was used. 
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Figure 3-7 Digital images of PAspNa under the polarizing microscope (40x). (a): parallel 

position (b): perpendicular position 

(a) 

(b) 
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Figure 3-8 ATR-FTIR spectra of (a): 1 layer (CS) , (b): 2 layered (CS/PAspNa), and (c): 3 

layered (CS/PAspNa/CS) films. The spectra were obtained using a Ge crystal.  
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Figure 3-9 TGA thermograms of polymers under N2 atmosphere. (a): 1 layer (CS), (b): 2 

layered (CS/PAspNa), and (c): 3 layered (CS/PAspNa/CS) films. The rate of 50 
ºC/min was used. 
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Table 3-3 TGA data from Chitosan and PAsp layered films.     

 
Onset 
Temp. 

Temp. 
at max. 

rate 
Max. rate

Residue 
at 315 ºC 

Residue 
at 550 ºC 

  (ºC) (ºC) (%/min) (%) (%) 
1 layer (CS) 292  308  63.6  59.3  37.0  

2 layers (CS/PAsp) 296  322  31.9  73.0  40.1  
3 layers (CS/PAsp/CS) 300  320  35.9  71.3  39.6  
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Figure 3-10 SEM images of the surface of layered films; (a),(b): CS, (c),(d): 2 layered film 

(PAspNa phase), (e),(f): 3 layered film.  

(a) (b)

(c) (d)

(e) (f)



 
165

 
 
 
 
 
 
 
 
 
 

 
Figure 3-11 SEM images of the cross-section of layered films; (a): CS, (b),(c): 2 layered 

film (PAspNa phase), (d),(e): 3 layered film.  

(a) 

(b) (c)

(d) (e)
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Figure 3-12 AFM images of CS film (10μm x 10μm); the topography (above), and 

three-dimensional height image (below). The images obtained in dynamic 
mode at a scan rate of 1.0Hz.  
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Figure 3-13 AFM images of CS film (20μm x 20μm); the topography (above), and 

three-dimensional height image (below). The images obtained in dynamic 
mode at a scan rate of 1.0Hz.  
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Figure 3-14 AFM images of 2 layered film (10μm x 10μm); the topography (above), and 

three-dimensional height image (below). The images obtained in dynamic 
mode at a scan rate of 1.0Hz.  
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Figure 3-15 AFM images of 3 layered film (10μm x 10μm); the topography (above), and 

three-dimensional height image (below). The images obtained in dynamic 
mode at a scan rate of 1.0Hz.  
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Figure 3-16 AFM images of 3 layered film (20μm x 20μm); the topography (above), and 

three-dimensional height image (below). The images obtained in dynamic 
mode at a scan rate of 1.0Hz.  
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Table 3-4 The variation of layered film mechanical properties* at 65% RH and 20ºC. 

  Modulus (Gpa) Tensile stress at break (Mpa) Tensile strain at break (%) 

1 layer 1.78±0.51 67.52±12.75 52.9±17.2 
2 layers 1.53±0.41 30.57±8.91 5.7±0.9 
3 layers 3.48±0.48 102.87±12.80 14.4±3.1 

* Mean±SD. Gauge length was set at 10mm. At least six replicates were tested. 
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Figure 3-17 Swelling ratio of the CS and layered films immersed in PBS with pH 5.0 at 37 

ºC for 24 hours (n=6). The CS with degree of deacetylation of 83.5% was used 
as a control.  
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Figure 3-18 Swelling ratio of the CS and layered films immersed in PBS with pH 7.4 at 37 

ºC for 24 hours (n=6). The CS with degree of deacetylation of 83.5% was used 
as a control.  
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Figure 3-19 Swelling ratio of the CS and layered films immersed in PBS with pH 9.0 at 37 

ºC for 24 hours (n=6). The CS with degree of deacetylation of 83.5% was used 
as a control.  
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Figure 3-20 Film weight changes of CS and layered films immersed in PBS with pH 7.4 at 

37 ºC (n=6). The CS with degree of deacetylation of 83.5% was used as a 
control.  
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Figure 3-21 Stereomicroscope images (x1) of films after 28 days of degradation test in PBS 

(pH 7.4) at 37 ºC; (a): CS (1 layer), (b): 2 layered film, (c): 3 layered film, and 
(d): CS (DD=83.5). Only the 1 layer film turned into small pieces.  
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d)c) 
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Figure 3-22 Film weight changes of CS and layered films immersed in lysozyme solution 

(1mg/mL) at 37 ºC (n=6). The CS with degree of deacetylation of 83.5% was 
used as a control.  
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Figure 3-23 Stereomicroscope images (x1) of films after 14 days of degradation test in 

lysozyme solution (1mg/mL) at 37 ºC; (a): CS (1 layer), (b): 2 layered film, 
and (c): 3 layered film. The control CS film was completely degraded.  

a) 

b) 

c) 
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Figure 3-24 Film weight changes of CS and layered films immersed in crude papain 

solution (10mg/mL) at 37 ºC (n=6). The CS with degree of deacetylation of 
83.5% was used as a control. 
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Figure 3-25 Stereomicroscope images (x1) of films after 14 days of degradation test in 

crude papain solution (10mg/mL) at 37 ºC; (a): CS (1 layer), (b): 2 layered film, 
and (c): 3 layered film. The control CS film was completely degraded. 

a) 

b) 

c) 
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Figure 3-26 Release ratio of Blue22 incorporated to CS and layered films immersed in PBS 

(pH 5.0) at 37 ºC; (closed diamond): 1 layer, (closed square): 2 layered film, 
and (closed triangle): 3 layered film. The absorbance at 630nm was measured 
by UV-visible spectroscopy. All experiments were done with three replicates.  
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Figure 3-27 Release ratio of Blue22 incorporated to CS and layered films immersed in PBS 

(pH 6.5) at 37 ºC; (closed diamond): 1 layer, (closed square): 2 layered film, 
and (closed triangle): 3 layered film. The absorbance at 630nm was measured 
by UV-visible spectroscopy. All experiments were done with three replicates.  
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Figure 3-28 Release ratio of Blue22 incorporated to CS and layered films immersed in PBS 

(pH 7.4) at 37 ºC; (closed diamond): 1 layer, (closed square): 2 layered film, 
and (closed triangle): 3 layered film. The absorbance at 630nm was measured 
by UV-visible spectroscopy. All experiments were done three replicates.  
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Figure 3-29 The mean load-extension curve of peeling test conducted by peeling two slices 

of porcine tissue holding various films. Load cell: 5N cell, gauge length: 10mm, 
and peeling rate: 6.0mm/min. Each experiment was repeated at least 5 times. 
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Figure 3-30 The load required at (a): 5mm and (b): 7mm to peel two slices of porcine tissue 

holding various films. Load cell: 5N cell, gauge length: 10mm, and peeling 
rate: 6.0mm/min. Each experiment was repeated at least 5 times.  

 

(a) 

(b) 
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Table 3-5 Blood sedimentation time* (min) of various films in 1mL of anti-coagulant blood. 

  CS (DD=85.3) CS (DD=98.3) 2 layers 3 layers RGD-3layers  

Dried film > 90  > 90 25.6±5.9 30.6±7.0 50.5±13.5  

Wet film > 90 > 90 33.0±11.0 43.8±12.9 51.5±5.1  

* Mean±SD. The blood containing films was incubated at 37 ºC for 90 min. 
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Figure 3-31 Blood sedimentation after immersing of various films1.5 hour at 37 ºC (above) 

and blood clot formed on films (below); (a): CS (DD=83.5), (b): CS 
(DD=98.3) 1 layer film, (c): 2 layered film, (d): 3 layered film. The blood 
containing 3.5 wt% of sodium citrate was used. Each experiment was repeated 
5 times.  

c) 2 layered film d) 3 layered film a) CS (DD=83.5) 
b) CS (DD=98.3) 

1 layer 
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Figure 3-32 Stereomicroscope images (x10) of red blood cells after 1.5 hour-sedimentation; 

(a): Anticoagulated blood without film, (b): CS (DD=83.5), (c): CS (DD=98.3) 
1 layer film, (d): 2 layered film, (e): 3 layered film.  

(a) 

(b) (c)

(d) (e)
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Figure 3-33 Stereomicroscope images (x40) of red blood cells after 1.5 hour-sedimentation; 

(a): Anticoagulated blood without film, (b): CS (DD=83.5), (c): CS (DD=98.3) 
1 layer film, (d): 2 layered film, (e): 3 layered film.  

(a) 

(b) (c)

(d) (e)
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CHAPTER 4 

4. Synthesis and Characterization of RGD (Arg-Gly-Asp) Peptides and its Modification 

on Chitosan/Poly(aspartic acid) Layered Films 

Abstract 

The RGD peptide was synthesized by a conventional stepwise liquid synthesis method 

for the layered film modifications in order to improve the bioadhesiveness of the layered 

films described in the previous chapter. The amino group of the chitosan outer layers was 

reacted with GA for further reaction with the N-terminal of the RGD peptide. Each step of the 

peptide synthesis was spectroscopically characterized, and the final product of RGD, was 

obtained, though it contained some impurities. Techniques to improve the yield and purity of 

the RGD peptide are suggested. In addition, some RGD peptides were grafted as a 

pendant-group via GA, which also bonds to the chitosan amino group, and the presence of 

RGD moiety was confirmed by FTIR-ATR. The bioadhesion test demonstrated that the 

bioadhesiveness of the RGD-modified layered film was improved, possibly due to the RGD 

peptides.   

 

4.1 Introduction 

Cell adhesion is a primary cellular event employed to maintain the proper cell shape 

and cell functions by the interaction between cell and material surface. Generally, cell 

attachment to the extracellular matrix (ECM) plays an important role in cell behavior, which 

regulates gene expression followed by a series of signal transductions initiated by 

cell-cell/cell-material interactions.  
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Cell-substrate interactions are being rapidly clarified and the membrane associated 

receptors on the cell involved in cell attachment are being determined. These receptors 

recognize certain peptide sequences, such as RGDS (Arg-Gly-Asp-Ser) and RGDV 

(Arg-Gly-Asp-Val), found in adhesive proteins, such as fibronectin, vitronectin, collagen, 

and laminin of the ECM [1,2]. Numerous other adhesive peptide sequences have been 

identified and isolated, following the discovery of the RGD peptide motif [3]. It is believed 

that a peptide motif can provoke desired phenotypic responses in individual cell types, 

depending on the peptide sequence [3]. Cell adhesion on the material surface is improved by 

incorporation of RGD on the tissue scaffold, which is recognized by receptors called integrin 

[4-6].  

Surface modification of biomaterials as well as novel scaffold developments has been 

extensively studied. Conventional synthetic polymers and their copolymers, such as 

polyurethane [2,7] poly(L-lactic acid) [3,8,9,10], and poly(vinyl alcohol) [1,11], and 

poly(ethylene glycol) [12-14], usually exhibit poor cell adhesion on their surfaces. Many 

attempts have been done in order to improve the cell adhesion and growth by coating or 

immobilizing the cell binding motif to the substrates, especially using peptides containing the 

RGD sequence [1-3, 5-14]. Most of the studies reported that RGD-incorporated scaffolds 

enhanced cell adhesion and spreading, mostly in a concentration-dependent manner.  

As discussed in the previous chapter, chitosan is one of the promising biomaterials, 

due to its biocompatibility, and it can be a substitute for the ECM or be a scaffold for tissue 

engineering. The RGD-modified chitosan-based materials have already been reported by 

several researchers [15-19]. In many cases, the RGD peptide was covalently bonded to the 
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spacer, which is also bonded to the chitosan amino group [15,16,19]. The spacer enables 

making bonds with the peptide, due to the reactive group in the spacer molecule. The 

concentration of RGD grafting was adjusted moderately so that the peptide-to-peptide 

spacing makes for good cell spreading [20]. Since chitosan potentially has a hemostatic 

property, the improved adhesiveness to the tissue is also expected to induce quicker 

hemostasis.  

In an earlier chapter, a novel chitosan/PAsp/chitosan layered film was fabricated as a 

new scaffold for tissue engineering. The layered film exhibited different physical and 

mechanical properties, which were sufficient enough to function as a scaffold. Grafting the 

RGD peptide to the chitosan backbone will provide further affinity to tissue/cells, when it is 

applied to a wound area.   

In this chapter, the RGD peptide was synthesized by a conventional stepwise process in 

liquid synthesis method (Scheme 4-1). The basic concept of peptide synthesis is amide bond 

formation between the amine group-protected amino acids and the carboxyl group-protected 

amino acid by the coupling reaction.  Each step of the peptide synthesis was traced 

spectroscopically. The obtained peptide and chitosan were crosslinked by glutaraldehyde as a 

spacer, and the RGD modified layered film was characterized. Finally, a bioadhesion test and 

simple blood coagulation test were conducted to obtain the preliminary biological data of the 

film as a bioadhesive/hemostatic agent.   
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4.2 Experimental  

4.2.1 Materials 

Chitosan was acquired from Natural Biopolymer, Inc. (Raymond, WA). All other 

chemicals used in this study were purchased from Fisher Scientific or Aldrich Chemicals and 

used directly, without further purification. 

 

4.2.2 Chitosan solution preparation 

CS solution of 1% (w/w) was prepared by following the method of 2.2.3.  

 

4.2.3 PAspNa solution preparation 

PAspNa solution of 1% (w/w) was prepared by following the method of 3.2.5. 

 

4.2.4 CS/PAspNa/CS three layered film fabrication 

Layered films were fabricated by following the method of 3.2.6. 

 

4.2.5 Synthesis of RGD peptide 

The RGD peptide was synthesized by a conventional stepwise liquid synthesis method. 

The series of reactions used in this study were as follows: 

4.2.5.1 Asp(Obzl)2 

L-Aspartic acid (Asp; 3.325g, 0.025mol), p-toluenesulfonic acid monohydrate 

(TsOH·H2O; 11.4g, 0.06mol), 25mL of benzyl alcohol, and 50mL of benzene were put into a 

250mL of 3-neck flask, then heated at 80 ºC under reflux. Generated water was removed by a 
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Dean-Stark trap. The reaction was tracked under UV short-wave by Thin Layer 

Chromatography (TLC). After 5 h, the solution was cooled and 80mL of diethyl ether and 

80mL of hexanes were added, and the precipitate was filtered. This crude material was 

recrystallized in MeOH and diethyl ether. The white crystalline material was filtered and 

dried over night (Yield: 9.10g, 92.2%).  

4.2.5.2 Boc-Gly 

Glycine (Gly; 5.50g, 0.073mol) was dissolved in 150mL of dioxane, 75mL of water, 

and 75mL of 1M NaOH in an ice bath. Di-tert-butyl dicarbonate (Boc2O; 10.2g, 0.074mol) 

was added and stirred at room temperature. TLC was performed (solvent; 

CHCl3:MeOH:HOAc=95:5:3; Rf=0.45) and the presence of the desired product was 

visualized by ninhydrin reagent. The solution was concentrated and cooled in an ice bath. A 

10% citric acid solution was added to adjust the pH to around 3, and then 30mL of ethyl 

acetate. The organic layer was washed with deionized water three times and dried with 

Na2SO4. The solvent was concentrated and a white powder was obtained from hexane (Yield: 

10.75g, 83.7%). 

4.2.5.3 αZ-Arg 

L-Arginine (Arg; 8.75g, 0.05mol) and NaHCO3 (10.9g, 0.10mol) were dissolved in 

75mL of water and stirred at room temperature. A solution of 5.2mL of benzyl chloroformate 

(Z-Cl; 0.03mol) and 15mL of diethyl ether was added and stirred for 2 h. Then, NaHCO3 

(5.45g, 0.06mol) and 5.2mL of Z-Cl was added and stirred overnight. The crude was washed 

with cold water and recrystallized with hot water. The resulting white solid was washed with 

acetone and diethyl ether and dried under vacuum (Yield: 12.6g, 81.8%).  
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4.2.5.4 Boc-Gly-Asp(Obzl)2 

The N-and C-protected amino acids, Boc-Gly (1.76g, 10mmol) and Asp(Obzl)2 (4.0g, 

10mmol), were dissolved in 40mL of dichloromethane (CH2Cl2). While a water bath was 

cooled at 0 ºC, triethylamine (Et3N; 1.68mL, 10.3mmol) and dicyclohexyl carbodiimide 

(DCC; 2.27g, 10.1mmol) were added and stirred for 2 h at 0 ºC, then 20 hours at room 

temperature. The mixture was concentrated and 100mL of ethyl acetate was added. 

Dicyclohexyl urea, a by-product, was filtered and the organic layer was washed with 10% 

citiric acid solution (30mL x 2), 4% NaHCO3 solution (30mL x 2), and water (30mL x 2). 

The organic layer was dried with Na2SO4 and concentrated. A syrup was obtained, which 

was directly used for the deprotection reaction that followed.  

4.2.5.5 Gly-Asp(Obzl)2 

The syrup of Boc-Gly-Asp(Obzl)2 was dissolved to a total volume of 40mL with a  

trifluoroacetic acid (CF3CO2H) and CH2Cl2 mixture (1:1) and stirred for 1 h at 0 ºC. The 

solution was concentrated and a slightly yellowish powder of protected dipeptide was 

recovered after rinsing with diethyl ether-hexanes (Yield: 2.95g, 80.0%).  

4.2.5.6 αZ-Arg-Gly-Asp(Obzl)2 

The N-and C-protected amino acids, αZ-Arg (1.54g, 5mmol) and Gly-Asp(Obzl)2 

(1.85g, 5mmol), were dissolved in a total of 40mL of CH2Cl2 and DMF. While a water bath 

was cooled at 0 ºC, N,N-diisopropylethylamine (DIEA; 1.88mL, 5.0mmol), dicyclohexyl 

carbodiimide (DCC; 1.13g, 10.1mmol), and 1-hydroxybenzotriazole(HOBt; 0.769g, 5mmol) 

were added and stirred for 2 h at 0 ºC, then it was stirred for additional 20 h at room 

temperature. The mixture was concentrated and 100mL of ethyl acetate was added. The 
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by-product of dicyclohexyl urea was filtered off and the organic layer was washed with 10% 

citiric acid solution (30mL x 2), 4% NaHCO3 solution (30mL x 2), and water (30mL x 2). 

The organic layer was dried with Na2SO4 and concentrated. A yellowish solid was recovered 

after rinsing with diethyl ether-hexanes (Yield: 2.20g, 66.5%).  

4.2.5.7 Arg-Gly-Asp 

The protected RGD peptide (3.57g, 5.5mmol) was dissolved in 30mL of MeOH and 

5mL of 0.1M HCl in a 100mL flask. A powder of palladium black, 5% (w/w) on activated 

carbon (0.18g, 5% (w/w) of the peptide) was added and stirred in the flask filled with 

hydrogen gas overnight. The hydrogenation reaction product was checked with TLC. The 

catalyst was filtered off, and the filtrate was concentrated and dried under vacuum overnight. 

The white solid of RGD peptide salt was obtained (Yield: 2.21g, 104.7%).    

 

4.2.6 RGD-modified 3 layered film preparation 

The 3 layered film was treated with 0.01M glutaraldehyde solution. The film was 

soaked with the solution for 10 sec and washed with deionized water for 10 min then 

air-dried subsequent to treatment with RGD solution (1mg/mL). The RGD-modified 3 

layered film was stored in a desiccator for later use. 
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4.2.7 Fourier Transform Infrared (FTIR) and FT-Attenuated Total Reflectance 

(FTIR-ATR) Spectroscopy 

Synthesized PSI and PAspNa were analyzed using KBr pellets. Each layered film was 

placed on a Ge crystal and the data were collected. All spectra were obtained using a Thermo 

Nicolet 510P FT-IR Spectrometer with OMNIC software. The scans were performed with an 

average of 32 repeated scans at 4 cm-1 scan resolution.  

 

4.2.8 Nuclear Magnetic Resonance (NMR) Spectroscopy  

NMR spectra were obtained on a Varian Mercury 300 NMR spectrometer operating at 

300 MHz for the 1H nucleus. Chemical shifts for 1H NMR spectra were reported in δ (ppm), 

with positive values indicating downfield shifts of the reference, tetramethylsilane (TMS). 

Deuterated solvents reference the residual proton peaks to the chemical shift of the samples. 

The solvents used in this study were as follows: CDCl3, 7.24, singlet; D2O, 4.80; CD3OD, 

4.78, singlet. Significant 1H NMR data are tabulated in a subsequent section in the following 

order: chemical shift, multiplicity (s=singlet, d=doublet, t=triplet, q=quartet, and 

m=multiplet), and number of protons.  

 

4.2.9 Bioadhesion/peeling tests 

Porcine large intestines were used as the biological testing substrate. The tissue samples 

were obtained from the Nahunta Pork Center, Nahunta, NC.  They were immediately 

excised after slaughter and stored at –5 ºC in isotonic buffered saline at pH 7.4 (2.38 g of 

Na2HPO4, 0.19g of KH2PO4, and 8.0g of NaCl in 1000 mL deionized water). The intestine 
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tissue was carefully washed the next day, the loose surface membranes were removed, and 

the tissue was cut into pieces 1cm x 3cm in sections. RGD-treated 3 layered film was cut into 

1cm x 1cm squares, and each one was sandwiched between the two tissue samples and 

covered by two glass plates. A 50g weight was placed on the 1cm x 1cm bonding area under 

the glass for 10 min. Both ends of the tissue samples were clamped at a gauge length of 1cm, 

and the peeling test was immediately conducted at the rate of 6 mm/min (Instron Model 5544 

with a 5N load cell). The load to the tissue for peeling was plotted as a function of the 

extension of the clamps. Polyethylene film and tissue without film were used as controls. At 

least six replicates were obtained for each sample.  

 

4.2.10 Blood coagulation tests 

Venous blood from a pig donor was obtained by a venipuncture. The blood was 

collected into a 50mL plastic syringe containing 3.5% (w/w) of sodium citrate as an 

anticoagulant. A total of 1mL of blood was transferred to each glass tube (10 x 75mm) and it 

was preincubated for 5 min in a water bath at 37ºC. CS (DD=83.5) control, CS (DD=98.3) 1 

layer film, 2 layered film, and 3 layered film were cut into 1 x 1cm in size. Half of the films 

were soaked in phosphate buffered saline (PBS, pH 7.4) for 30min to be wet, and other the 

half were dried before the test. Each film specimen was put into the blood, and the tubes were 

placed and incubated at 37ºC until the blood was separated into two phases, supernatant and 

red blood cell aggregation. The tube was checked every 30 sec until the blood sedimentation 

was completed at almost a 1:1 ratio of the two phases. The time of blood sedimentation was 

recorded for each sample. Five replicates at least were conducted. 
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After 1.5 h, all tests were stopped and films were taken out from the blood pool. The 

blood clot formed on each film was captured by a digital camera. The morphology of the red 

blood cells was examined with a Nikon Labophot2-POL microscope equipped with 

COOLPIX digital camera. A drop from the phase containing red blood cells was placed on a 

glass plate and covered with a glass cover. The 10x and 40x lenses were used.  

 

4.3 Results and Discussions 

4.3.1 Synthesis of RGD peptides  

The RGD peptide was synthesized by a series of stepwise liquid synthesis steps. The 

derivatives and product were examined by FTIR and 1H-NMR spectroscopy, whose spectra 

are shown in Figures 4-1 to 4-5. As the synthesis proceeded the spectrum became more 

complicated, especially the 1H-NMR spectrum. Indeed, the 1H-NMR spectrum of C-, and 

N-protected RGD peptide had many peaks, and some of them could not be assigned. 

Generally, peptide synthesis is prone to side-reactions, such as racemization, migration, and 

cyclyzation. This makes it difficult to produce peptides on an industrial scale, however, 

relatively small peptides/proteins, which are in great demand, are available on a small scale 

[21].  

Careful selection of the reagent and reaction condition, in addition to the synthesis 

method, is crucial. The automated amino acid synthesizer is a better way to obtain pure 

peptides, while solid-state synthesis is another technique for peptide formation on a larger 

scale. In this synthesis work, the peptide bond formation between αZ-Arg and 

Gly-Asp(Obzl)2 likely involves a side reaction, because substitution of the guanidine 
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functional group does not prevent the cyclization (formation of lactams) during activation 

[22]. Therefore, the final product, RGD, possibly also contained impurities, which are 

difficult to remove.  

Here, listed below, is a summary of characteristic peaks for each step.  

4.3.1.1 Asp(Obzl)2 

FTIR (KBr): v=1755 and 1735 (C=O stretch, ester), 1210 (C-O-C antisym stretch, ester), 

1185 (C-O-C stretch, ester), 695 and 685cm-1 (two bands, CH out-of-plane deformation, 

monosubstituted benzene).  

1H-NMR (CD3OD): δ=7.6 (d, 2H, tosyl group), 7.1 (s, 10H, benzene group), 7.0 (d, 2H, tosyl 

group), 5.1 and 5.0 (s, 4H, CH2 in benzyl group), 4.2 (t, 1H, CH), 3.1 (s, 3H, NH3), 3.0 (m, 

2H, CH2), 2.1ppm (s, 3H CH3).  

4.3.1.2 Boc-Gly 

FTIR (KBr): v=3125 (broad, -OH stretch, carboxylic acid), 2980 and 2940 (CH antisym and 

sym stretch, aliphatic CH3 and CH2), 1750 (C=O stretch, ester), 1670 (C=O stretch, Amide I), 

1540 (N-H deformation, Amide II), 1400 (CH3 deformation, tert-butyl), 1255 (skeletal 

vibration, tert-butyl), 1200 (C-O-C antisym stretch, ester), 1165cm-1 (C-O-C stretch, ester). 

1H-NMR (CD3OD): δ=3.6 (s, 1H, NH), 3.1 (s, 2H, CH2), 1.4ppm (s, 6H, tert-butyl).  
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4.3.1.3 αZ-Arg 

FTIR (KBr): v=1640 (C=O stretch, Amide I), 1555 (N-H deformation, Amide II), 1500 

(benzene ring, ring stretch), 1265 (C-O-C antisym stretch, ester), 740 and 720 cm-1 (two 

bands, CH out-of-plane deformation, monosubstituted benzene).  

1H-NMR (DMSO-d6): δ=9.4 (s, 1H, COOH), 7.3 (s, 5H, benzene group), 5.0 (s, 2H, CH2 in 

benzyl group), 3.7 (q, 1H, CH), 3.0 (m, 2H, CH2 next to NH), 1.7-1.4ppm (m, 4H, CH2).  

4.3.1.4 Gly-Asp(Obzl)2 

FTIR (KBr): v=1740 (C=O stretch, ester), 1690 (C=O stretch, carboxylic acid from 

trifluoroacetic acid), 1660 (C=O stretch, Amide I), 1550 (N-H deformation, Amide II), 1500 

(benzene ring, ring stretch), 1200 (C-O-C antisym stretch, ester), 1175 (C-O-C stretch, ester), 

720 and 700 cm-1 (two bands, CH out-of-plane deformation, monosubstituted benzene).  

1H-NMR (CD3OD): δ=7.1 (s, 10H, benzene group), 5.0 (two peaks, s, 4H, CH2 in benzyl 

group), 3.6 (t, 1H, CH), 3.2 (s, 2H, CH2 in Gly), 2.8ppm (d, 2H, CH2 in Asp).  

4.3.1.5 αZ-Arg-Gly-Asp(Obzl)2 

FTIR (KBr): v=2930 and 2850 (CH antisym and sym stretch, aliphatic CH3 and CH2), 1740 

(C=O stretch, ester), 1660 (C=O stretch, Amide I), 1530 (N-H deformation, Amide II), 1500 

(benzene ring, ring stretch), 1200 (C-O-C antisym stretch, ester), 720 and 700 cm-1 (two 

bands, CH out-of-plane deformation, monosubstituted benzene).  

1H-NMR (CD3OD): δ=7.3 (m, 15H, benzene group), 5.1 (m, 6H, CH2 in benzyl group), 4.0 

(m, 1H, CH in Arg), 3.4 (m, 2H, CH2 in Gly), 3.0 (m, 1H, CH in Asp), 1.8-0.9 ppm (broad 

multiple peaks of CH2 in Arg).  
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4.3.1.6 Arg-Gly-Asp 

FTIR (KBr): v=1700 (C=O stretch, carboxylic acid), 1670 (C=O stretch, Amide I), 1560 

(shoulder, N-H deformation, Amide II), 1430 cm-1 (-OH bending, carboxylic acid).  

1H-NMR (D2O): δ=3.9-3.6 (s, amine), 3.1 (t, 2H, CH2 in Gly), 3.8 (d, 2H, CH2 in Asp), 3.5 

and 3.4 (t, 1H, CH in Gly and Asp), 1.8-1.5 ppm (broad multiple peaks of CH2 in Arg).  

 

4.3.2 Characterization of CS/PAspNa/CS layered films 

Figure 4-7 shows a digital image of the 3 layered film treated with 0.01 glutaraldehyde 

(GA) and 2,4-DNPH. The film had a vivid yellow color, which indicated a chemical reaction 

occurred between dangling aldehydes of the 3 layered film and 2,4-DNPH. Since the film has 

a reactive aldehyde group on the surface, further chemical reaction can be done with the 

RGD peptides as a pendant molecule.  

The FTIR-ATR spectrum of RGD-modified 3 layered film is shown in Figure 4-8. 

Overall, absorption bands of the film (b) look similar to the CS pure film (a), because the 

outer layers of the layered film were made of chitosan. However, the characteristic 

absorption at 1665 cm-1 was assigned to the C=O stretch in secondary amides, due to the 

modified RGD peptide. The absorption of N-H deformation, also corresponding to the 

secondary amides, was not observable, because the peak overlapped with the original CS 

spectrum. This result indicates that the RGD peptide was present on the 3 layered film, but as 

a small amount, because the characteristic peaks were relatively small.  
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4.3.3 Bioadhesive/peeling tests 

Intestinal tissue is often used for bioadhesion tests, due to the stronger adhesiveness 

among mucosal tissues. The mean load-extension curve of each layered film is described in 

Figure 4-9. The peeling load was monitored while the film sample (1 x 1 cm) was peeled. As 

a general trend, the RGD-modified layered film had a higher bioadhesiveness than that of 

tissue control and unmodified 3 layered film throughout peeling. However, the 1 layer CS 

(DD=98.3) exhibited a higher peeling load than that of RGD-modified 3 layered films until 

5mm extension. The peeling load for the RGD-3 layered film kept increasing as the extension 

continued. The mean load at 5 and 7mm extension, relatively a plateau region, were depicted, 

to compare the peeling load among controls and samples in Figure 4-9, as also done in 

Chapter 3. 

Figure 4-10 (a) shows the load required at 5mm to peel two slices of porcine tissue 

holding 1 layer CS (DD=98.3), 2 and 3 layered films, and RGD-modified 3 layered film. In 

the previous chapter, layered films had a lower bioadhesiveness than the 1 layer CS. The 

RGD-modified 3 layered film improved the adhesive property by around 20% of the layered 

one, and about 1.5 times of the tissue control. The peeling strength of the RGD-3layered film 

was about the same as the 1 layer CS at this point, though it was more improved than the 1 

layer CS at a subsequent extension.  

Figure 4-10 (b) shows the load at 7mm required to peel two slices of porcine tissue 

holding CS, layered films, and RGD-modified 3 layered film. Surprisingly, the 

RGD-modified 3 layered film exhibited the highest peeling load among all samples, and it 

was 1.6-, 1.2-, 1.4-fold the peeling strength of the tissue control, 1 layer CS, and unmodified 
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3 layered film, respectively. As mentioned in Chapter3, CS film likely had a rough surface, 

and it probably causes the tissue to adhere to the surface easier. On the other hand, the 

layered films had a much smoother surface, which makes it more difficult for tissue to stick 

to the surface.  

Interestingly, the RGD-modified 3 layered film gave better bioadhesion than the 1 

layer CS. The non-modified 3 layered film which has a very smooth surface, did not have 

bioadhesion as good as the 1 layer CS due to the small surface roughness, already discussed 

in Chapter 3. However, its bioadhesion improved by RGD treatment. The RGD motif 

contributed to the tissue adhesiveness by its sequential adhesive property, and might give the 

surface roughness by the grafted peptides. A further investigation of the surface morphology, 

by Atomic Force Microscopy (AFM) will reveal how much surface roughness is changed 

before and after the RGD treatment. In addition, cell adhesion, proliferation, and viable 

examination in vitro will give a clearer evidence that the 3 layered film with RGD peptide 

motif is an effective bioadhesive biomaterial and a tissue scaffold.  

 

4.3.4 Blood coagulation tests 

The blood coagulation test was conducted by measuring the time of red blood cell 

sedimentation, also called as erythrocyte sedimentation rate, in anti-coagulated blood. A 

standardized method called erythrocyte sedimentation rate (ESR) has been widely used as a 

diagnosis of various diseases, as described in Chapter 3. The Westergren method is 

frequently used, which requires a specific glass tube (2.5 x 300 mm) to let the blood is settle 

for an hour. In this study, conventional glass tubes (7.5 x 100 mm) were used whether the 
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blood sedimentation is observed or not, by addition of fabricated chitosan and layered films 

into the tube, as described in Section 3.3.12.  

The effect of various films on the blood sedimentation time when the supernatant and 

erythrocyte agglutination were separated as equal phases at 1:1, are summarized in Table 4-1. 

The anticoagulant blood did not separate during the testing. Two CS films (DD=83.5 and 

DD=98.3) did not completely agglutinate the blood cells within 1.5 h, whereas the 2 and 3 

layered films exhibited clear blood sedimentation with both dry and wet films, as already 

discussed in Chapter 3. On the other hand, the RGD-modified 3 layered film exhibited blood 

sedimentation at 50 min for both dried and wet film, even though the sedimentation time was 

15-25 min slower than those of 2 and 3 layered films. The blood sedimentation occurred for 

the RGD-modified 3 layered film as shown in Figure 4-11 (above). The RGD-modified 3 

layered film became more hydrophobic than that of the unmodified 3 layered film because of 

the alkyl chain present on the film surface, thus the time of the blood clot formation was 

slightly retarded. Nevertheless, the effect of the clot formation on the film was similar to 

those of layered films. Even though the blood sedimentation time was slow for the 

RGD-modified 3 layered film, large blood clots were formed on the film surface, as well as 

other layered films after 1.5 h immersion. The effect of the layered films on of blood clot 

formation was obvious, whereas the CS (DD=98.3) 1 layer film had few clots on it (Figure 

4-11, below).  

A molecule containing a RGD sequence is known as a specific fibrinogen receptor 

antagonist [23]. A study demonstrated that platelet aggregation was inhibited when the 

RGD-containing peptide was treated with platelets [23]. In other words, the immobilized 
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RGD sequence is potentially recognized by platelet receptors and the platelet aggregation is 

induced. However, the blood used in this study contained sodium citrate which can chelate 

calcium ions that are involved with platelet activation. Blood clot formation was triggered 

because of the dangling RGD peptides, or simply the layered film characteristics. In order to 

clarify the effect of immobilized RGD peptide on blood clot formation, the film property and 

the quantitative dangling RGD need to be determined. As discussed in Chapter 3, the 2 and 3 

layered films promoted red blood cell aggregation in the absence of enough calcium ions, 

which indicates the layered films can activate erythrocytes. At this point, the detail 

mechanism of how the layered films interact with erythrocytes, either chemically or 

physically, is not clear. 

After the blood sedimentation, a drop was taken from the agglutination phase and the 

cell morphology was examined by a stereomicroscope as shown in Figures 4-12 and 4-13. At 

lower magnification (x10), erythrocytes were evenly distributed in the blood without film 

(Figure 3-27(a)), whereas they were partly aggregated in the RGD-modified film. At higher 

magnification (x40), this feature is more observable. The red blood cells are stacked on top of 

each other, unlike the citrated blood. Further study will be needed to elucidate the effect of 

dangling RGD peptides on blood coagulation. Nevertheless, the layered films and 

RGD-modified 3 layered film were proven to be effective materials that promote red blood 

cell aggregation and thus are promising materials as new hemostasis agents. 
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4.4 Conclusions and Suggestions for Future Work 

The RGD peptide was synthesized by a conventional stepwise liquid synthesis method 

for modification of the 3 layered film. The amino group of chitosan’s outer layers was 

reacted with GA for a further reaction with the N-terminal of the RGD peptide. Finally, the 

RGD pendant-3 layered film was obtained. Each step of the peptide synthesis was 

spectroscopically monitored, however, the final product had some impurities. Some 

side-reactions likely occurred during the coupling of αZ-Arg and Gly-Asp(Obzl)2. 

Purification of this synthesized RGD is the primary problem for this peptide synthesis. Other 

techniques, such as solid-state synthesis or use of an amino acid synthesizer will be useful for 

small scale synthesis. Since the extent of RGD grafting is not always necessarily high, these 

methods can provide pure peptides which allows easier characterization.  

The RGD modified layered film was characterized by FTIR, and the presence of 

peptide was confirmed. Since FTIR spectra are usually considered as a qualitative analysis, 

other quantitative techniques must be needed to determine the amount of grafted peptide. 

X-ray photoelectron spectroscopy (XPS) will reveal the surface chemical characteristics of 

the RGD-modified film by the elemental composition calculation [13,14,19]. Amino acid 

analysis (AAA) can provide the quantitative result, showing how much RGD peptide was 

bonded per unit area, by hydrolysis of the peptide to each amino acid [13,19]. These 

techniques will optimize the concentration of modified RGD peptides on the 3 layered film, 

because the degree of grafting can be adjusted, depending on the tissue or cell variation. 

Bioadhesion tests demonstrated that RGD-modified 3 layered film exhibited the 

highest peeling load among the samples at the extension of 7mm. Peeling strength of 
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RGD-modified film was almost 1.6, 1.2, and 1.4-fold of control tissue, 1 layer CS, and 

unmodified 3 layered film, respectively. This result suggests that the RGD-modified film 

could improve the tissue affinity, which is one of the important parameters of 

bioadhesives/biomaterial.  

Blood coagulation tests revealed that the RGD-modified 3 layered film effectively 

form red blood cell aggregates as well as 2 and 3 layered films, even though the blood 

sedimentation rate slightly retarded. The feature was not observable in chitosan films, thus 

the significant red blood cell aggregation ability was proven by both macroscopic and 

microscopic observations. Other conventional blood coagulation tests, such as whole blood 

clotting time and plasma factor time, will also be useful methods in order to clarify the roll of 

RGD sequence to trigger platelet aggregation. The concentration of modified RGD peptides 

needs to be quantitatively determined in future study. In conclusion, these layered films can 

be proposed as new hemostatic agents, as well as novel scaffolds for cell culturing, even 

though the detail hemostasis mechanism must be clarified in future studies.  
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Scheme 4-1 Synthetic scheme of stepwise RGD peptide synthesis.  
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Figure 4-1 (above) FTIR spectra of (a): L-aspartic acid(starting material), (b): Asp(Obzl)2. 

The spectra were obtained using a KBr pellet.  
(below) 1H NMR spectra of Asp(Obzl)2 in CD3OD (300MHz). 
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OO

OO
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Figure 4-2 (above) FTIR spectra of (a): Gly (starting material), (b): Boc-Gly. The spectra 

were obtained using a KBr pellet.  
(below) 1H NMR spectra of Boc-Gly in CDCl 3 (300MHz). 
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Figure 4-3 (above) FTIR spectra of (a): L-Arg (starting material), (b): αZ-Arg. The spectra 

were obtained using a KBr pellet.  
(below) 1H NMR spectra of Z-Arg in DMSO-d6 (300MHz). 
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Figure 4-4 (above) FTIR spectra of Gly-Asp(Obzl)2. The spectra were obtained using a KBr 
pellet.  
(below) 1H NMR spectra of Gly-Asp(Obzl)2 in CD3OD (300MHz). 
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Figure 4-5 (above) FTIR spectra of Z-Arg-Gly-Asp(Obzl)2. The spectra were obtained using 
a KBr pellet.  
(below) 1H NMR spectra of Z-Arg-Gly-Asp(Obzl)2 in CD3OD (300MHz). 
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Figure 4-6 (above) FTIR spectra of Arg-Gly-Asp. The spectra were obtained using a KBr 

pellet.  
(below) 1H NMR spectra of Arg-Gly-Asp in D2O (300MHz). 
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Figure 4-7 A digital image of 2,4-DNPH treated the 3 layered film after treatment with 

0.01M glutaraldehyde (GA). The yellow color indicates the presence of free 
aldehyde groups. The free aldehyde group reacts with RGD peptide in the 
subsequent reaction.  
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Figure 4-8 ATR-FTIR spectra of (a): 3 layered film , (b): RGD-modified 3 layered film. The 

spectra were obtained using Ge crystal.  
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Figure 4-9 The mean load-extension curve of peeling test conducted by peeling two slices of 

porcine tissue holding various films. Load cell: 5N cell, gauge length: 10mm, and 
peeling rate: 6.0mm/min. Each experiment was repeated at least 5 times. 
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Figure 4-10 The load required at (a): 5mm and (b): 7mm to peel two slices of porcine tissue 

holding various films. Load cell: 5N cell, gauge length: 10mm, and peeling rate: 
6.0mm/min. Each experiment repeated at least 5 times.  
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Table 4-1 Blood sedimentation time* (min) of various films in 1mL of anti-coagulant blood. 

  CS (DD=85.3) CS (DD=98.3) 2 layers 3 layers RGD-3layers 

Dried film > 90  > 90 25.6±5.9 30.6±7.0 50.5±13.5 

Wet film > 90 > 90 33.0±11.0 43.8±12.9 51.5±5.1 

* Mean±SD. The blood containing films was incubated at 37 ºC for 90 min. 
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Figure 4-11 Blood sedimentation after immersing of various films1.5 hour at 37 ºC (above) 

and blood clot formed on films (below); (a): CS (DD=98.3) 1 layer film, (b): 2 
layered film, (c): 3 layered film, (d): RGD-3 layered film. The blood containing 3.5 
wt% of sodium citrate was used. Each experiment was repeated 5 times.  

c) 3 layered film 
d) RGD- 3 layered 

film 
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1 layer 



 223

 
 
 
 
 
 
 
 
 

 
Figure 4-12 Stereomicroscope images (x10) of red blood cells after 1.5 hour-sedimentation; 

(a): Anticoagulated blood without film, (b): CS (DD=98.3) 1 layer film, (c): 2 
layered film, (d): 3 layered film, (e): RGD-3 layered film.  

(a) 

(b) (c)

(d) (e)
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Figure 4-13 Stereomicroscope images (x40) of red blood cells after 1.5 hour-sedimentation; 

(a): Anticoagulated blood without film, (b): CS (DD=98.3) 1 layer film, (c): 2 
layered film, (d): 3 layered film, (e): RGD-3 layered film.  

(a) 

(b) (c)

(d) (e)


