
ABSTRACT 

INA, MARIA. The Synthesis of Poly N-acetyl iodo Glucosamine and its Gelation of Blood. 

(Under the direction of Dr. Samuel Hudson and Dr. Wendy Krause). 

 

A variety of advanced hemostats have been brought to market, where most products 

work by simply absorbing the blood at the site of the wound rather than by actively 

coagulating the blood. In this study, a new hemostatic system that causes an induced blood 

clot formation via simultaneous gelation of blood proteins and agglutination of the various 

suspended cells, transforming a liquid blood into an elastic gel, selectively at the site of 

injury. 

The key chemistry of this study postulates the formation of covalent crosslinks 

between a hemostat matrix with sulfhydryl-reactive sites and sulfhydryl compounds in the 

blood. Chitosan-iodoacetic acid derivative was successfully prepared by substituting amino 

groups of chitosan at its C-2 position with iodoacetic acid which is an irreversible inhibitor of 

all cysteine peptidases, to interact with the free thiol group of cysteine. Mass spectrometry 

demonstrated the clear reaction between iodoacetic acid and L-cysteine, suggesting the 

possibility of a reaction between chitosan-iodoacetic acid derivative and cysteine residues in 

the blood proteins. A series of rheological experiments were carried out on the mixture of 2 

wt% chitosan-iodoacetic acid/acetic acid solution and sodium citrated blood in order to 

investigate the rheological properties of the mixture. The steady shear measurement indicated 

that the viscosity of the blood increased by nearly a million-fold after being mixed with the 

derivative solution. The dynamic oscillatory measurement revealed that the mixture sample 

reached its gel state in approximately 10 minutes after the mixing. Moreover, changing the 

ratio of the derivative content to the blood content demonstrated that chitosan-iodoacetic acid 



enables the blood to be a gel within seconds upon mixing.  

Next, the detailed mechanism of the observed enhanced clots formation was 

investigated. The blood was separated into the cells and the plasma, then, each was tested on 

its rheological behavior with chitosan-iodoacetic acid solution. The plasma never became a 

gel, confirming the presence of the blood cells is necessary for the gelation of the blood. In 

addition, separated cells re-suspended in the phosphate buffered saline (PBS) exhibited 

gelation, which indicates that the chitosan-iodoacetic acid derivative works independently of 

the natural coagulation pathways. This supports our assumption that this system would 

interact with cysteine-rich domains of the blood cells via covalent crosslinkings. 

Lastly, additional rheological studies were conducted on a thiolated chitosan, 

chitosan-L-cysteine. Chitosan-L-cysteine derivative caused somewhat increased viscosity of 

the blood, which is in agreement with the assumption that the enhanced blood coagulation is 

caused by the covalent crosslinking between the sulfhydryl reactive-chitosan derivative and 

sulfhydryl compounds in the blood. In contrast, significant gelation between chitosan-

iodoacetic acid and chitosan-L-cysteine derivative was not observed. Also, the expected in 

situ gelation of chitosan-L-cysteine derivative through disulfide crosslinking was not 

confirmed. The substitution ratio of the sulfhydryl reactive moieties into chitosan is low so as 

not to insolubilize the derivative. These results suggest the sulfhydryl groups found in the 

blood plasma proteins are not reactive. In vitro experiments using albumin, a model blood, 

also suggest that sulfhydryl groups in the albumin are not reactive enough to cause the 

sample-spanned gelling. Nevertheless, the chitosan-iodoacetic acid derivatives demonstrated 

gelation of blood, much faster than the chitosan controls. 
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CHAPTER 1 

1 Introduction 

Hemostasis is the physiological process to arrest bleeding and minimize blood loss 

from the damaged blood vessels. The hemostatic process is accelerated when blood contacts 

a majority of foreign materials, either rapidly or over the course of long-term exposure. 

Uncontrolled hemorrhage from severe injuries remains one of the leading causes of pre-

hospital trauma deaths in both the battlefield and civilian settings.
1-5

  Champion et al.
3
 

reported that extensive hemodynamic and biochemical measurements, which were made in 

several hundred seriously wounded combat casualties at an average time of about 6.5 hours 

after an injury, demonstrate that casualties with the greatest blood loss were most likely to 

die, also a blood volume reduced to 50% of normal was likely to be fatal. The majority of 

trauma deaths occur in the first few hours following injury, often before the injured patient 

reaches a hospital.
6,7,8

 Hemorrhage, in fact, contributes to the pre-hospital deaths in 33 to 

56% of cases.
7
 Moreover, hemorrhage accounts for the largest proportion of mortality 

occurring within the first hour of trauma center care, over 80% of operating room deaths after 

major trauma, and almost 50% of deaths in the first 24 hours of trauma care,
6,7,9

 also the 

presence of early hemorrhagic shock as defined by a systolic blood pressure less than or 

equal to 90 mmHg in the pre-hospital setting or emergency department is associated with 

high rates of organ failure (24%) and infection (39%).
10

 On the other hand, very few 

hemorrhagic deaths occur after the first day of the injury.
6,7

 The Wound Data and Munitions 

Effectiveness Team (WDMET) database suggests that more than half of the potentially 
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preventable deaths in combat related to the lack of first aid after the exsanguinations from 

extremity wounds.
11,12

 Therefore, hemostatic agents that can arrest bleeding and stabilize the 

casualty before evacuation is done, are desired for both the battlefield and civilian medicine.  

 The control of bleeding and limitation of blood loss is the only means of avoiding 

the problems associated with the large trauma hemorrhage. The development of prospective 

powerful hemostatic wound dressings for traumatic hemorrhages has been investigated. 

Progress has been made in the development and testing of novel dressings and dressing-

adjuncts for use in compressed arrest of bleeding on external or visceral hemorrhage. Several 

of these commercial hemostatic products have been used routinely in the battlefield. Some 

case reports show that agents are effective in reducing or stopping bleeding in more than 

90% of applications.
13,14

 

The most promising of these in pre-clinical studies has been the fibrin dressing 

developed by the American Red Cross which has shown superior hemostatic effect in models 

of severe arterial and hepatic hemorrhage.
15-18

 The fibrin dressing is distinguished from other 

available agents in that it contains purified human fibrinogen and thrombin, both are plasma 

coagulation factors, and this is inherently hemostatic while other products support hemostasis 

primarily through adherence to and desiccation of the bleeding wound, not directly through 

thrombogenesis.
17-21
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1.1 Blood Coagulation Cascade 

 Blood loss at the site of a wound in mammals is curtailed by the rapid formation of a 

hemostatic plug, i.e., a self-assembled network of the plasma protein. Several studies 

reported that the physiological hemostatic process consists of a series of cascade reactions in 

which 11 plasma coagulation factors are involved: six in the intrinsic pathway (factor VIII, 

IX, XI, XII, prekallikrein (PK), and high-molecular weight kininpgen (HMWK)), one in the 

extrinsic pathway (factor VII), and four in the common pathway (prothrombin (factor II), V, 

X, and fibrinogen (factor I)). The blood coagulation consists of a cascade of precursor protein 

activation reactions, where each precursor protein is converted to an active protease by 

cleavage of one or more peptide bonds in the precursor molecule. The final protease 

generated is thrombin (factor IIa, the subscript “a” stands for the activated form of each 

factor). The schematic image of coagulation pathways is shown in Figure 1-1.
22
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Figure 1-1 Sequence of coagulation reactions. The classical model of blood coagulation involves a cascade 

of precursor protein (zymogen) activation reactions. At each stage a precursor protein is converted to an 

active protease by cleavage of one or more peptide bonds in the precursor molecule.
22

 

 

 

There are two different pathways that lead to thrombin formation; extrinsic pathway and 

intrinsic pathway.
22,23

  The extrinsic pathway, also referred to as the tissue factor pathway, is 

initiated when blood plasma is exposed to tissue factor. Tissue factor (factor III) is a non-

enzymatic lipoprotein constitutively expressed on the surface of cells that are not normally in 

contact with plasma. Exposure of plasma to these cells initiates coagulation outside a broken 

blood vessel. Tissue factor binds factor VIIa and accelerates factor X activation about 30000-

fold in the presence of calcium ions. Then, factor Xa converts prothrombin (factor II) into 

thrombin (factor IIa). A trace amount of factor VIIa appears to be available in plasma at all 

times to interact with tissue factor, also, factor VII is activated by its product, factor Xa. For 
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example, NovoSeven® (Novo Nordisk Inc., Princeton, NJ), recombinant  physiological 

blood coagulation factor VIIa, is intended to promote hemostasis by activating the extrinsic 

pathway of the coagulation and has demonstrated promise in clinical series as an adjunct to 

traditional measures in controlling hemorrhage in acute, life-threatening traumatic 

coagulopathy. The extrinsic pathway is a very rapid process, i.e., within 12 to 15 seconds, 

however, the produced thrombin is low and the resulting clot is small.  

The intrinsic pathway, also referred to as the contact activation pathway, is initiated 

when blood, mainly factor XII, contact with negatively charged surfaces like exposed 

collagen in the blood vessel wall, glass, kaolin, or another artificial surface. Once bound, 

reciprocal activation of factor XII occurs. Factor XII triggers clotting via the sequential 

activation of factors XI, IX, X, and II (prothrombin). This process is considerably slower, i.e., 

five to ten minutes, but results in the formation of larger amounts of thrombin. Kaolin is an 

inert mineral and is utilized routinely to assay blood clotting times by clinical laboratories 

because it promotes clotting by the intrinsic pathway. Lately, kaolin-based QuikClot® 

gauze, which is the third generation of QuikClot® (Z-Medica Corp., Wallingford, CT), has 

been subjected to safety and efficacy studies performed by the US Army Institute of Surgical 

Research (USAISR) and the Naval Medical Research Center and was found to be the most 

effective product among the tested in the USAISR study, allowing the least amount of 

hemorrhage and resulted in the highest survival rate in the animals tested.
24

 This product is 

designed as rayon/polyester gauze impregnated with kaolin, not containing botanicals or 

materials from animal or human sources.  
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Factor VIIa also activates factor IX in the presence of tissue factor, providing a 

connection between the extrinsic and intrinsic pathways. Tissue factor pathway inhibitor 

(TFPI) is a protein that binds to factor Xa. The Xa-TFPI complex then interacts with 

VIIa/tissue factor and inhibits activation of factors X and IX unless the VIIa/tissue factor 

initially present, generates a sufficient amount of factor IXa to sustain factor X activation via 

the intrinsic pathway. Thus, VIIa/tissue factor may provide the initial stimulus to clot and 

then be rapidly turned off, while IXa in the intrinsic pathway may be responsible for 

generating the larger amounts of Xa and thrombin required for clot formation.  

The final common pathway is the conversion of the soluble protein fibrinogen into an 

insoluble fibrin gel by the action of thrombin, which the fibrin is strengthened further 

through covalent crosslinking catalyzed by factor XIIIa. In this pathway, factor Xa converts 

prothrombin (factor II) to thrombin (factor IIa) by cleaving two peptide bonds. Activation of 

prothrombin by Xa is accelerated by factor Va, platelets in vivo (or phospholipids in vitro), 

and calcium ions. Rapid activation occurs only when prothrombin and Xa have the ability to 

bind calcium. Binding of calcium alters the conformation of these factors to interact with a 

membrane surface provided by platelets in vivo (or phospholipids in vitro). That is, 

aggregated platelets are thought to provide the surface upon which prothrombin activation 

occurs at a site of hemostasis. This leads to local generation of large amounts of Xa and 

thrombin (factor IIa), followed by conversion of fibrinogen to fibrin by thrombin (factor IIa). 

Finally, numerous blood cells and other molecules are trapped in the crosslinked fibrin mesh 

and a blood clot is formed. Fibrin is the primary scaffold that induces angiogenesis and 

fibroblast migration. Once fibroblasts have migrated into fibrin, synthesis of collagen and 
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other extracellular matrix molecules is induced. The concentrations of coagulation factors 

required for normal hemostasis are summarized in Table 1-1.
22 

 

Table 1-1 Concentrations of coagulation factors required for normal hemostasis. With the exception of 

fibrinogen, factor levels are usually reported as percentages of the concentrations present in plasma 

pooled from normal individuals. Tissue factor is not present in plasma and cannot be quantified in 

patients
22

 

 
 

1.1.1 Fibrin Crosslinking 

Fibrin, also called factor Ia, is a fibrillar protein played an important role in blood 

coagulation cascade, which is converted from a soluble globular plasma glycoprotein 

fibrinogen by the action of thrombin. Human fibrinogen is a soluble precursor of polymeric 

fibrin. The human fibrinogen molecule is a large dimeric protein that consists of 2964 amino 

acid residues and four carbohydrate residues. Every subunit contains three pairs of 
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polypeptide chains covalently linked by disulfide bonds, which are α-chain, β-chain, and γ-

chain,
25

 as shown in Figure 1-2.
22

  

 

 
Figure 1-2 Structure of fibrinogen.

22 
N and C represent the nitrogen and carbon terminus, respectively. 

Fibrinogen consists of three pairs of polypeptide chains covalently linked by disulfide bonds and has a 

molecular weight of approximately 330, 000. Thrombin converts fibrinogen to fibrin monomers by 

cleaving fibrinopeptides A (16 amino acid residues) and B (14 amino acid residues) from the N-terminal 

ends of the Aα and Bβ chains, allowing the fibrin monomers to form a gel. 

 

 

When thrombin catalyzes the cleavage of fibrinogen to fibrin segments, it cleaves specific 

fibrinopeptide bonds in the α- and β-chains. Removal of the fibrinopeptides allows the fibrin 

monomers to form a gel consisting of long polymers. At this stage, the fibrin monomers are 

bound to each other non-covalently, making a physically crosslinked fibrin gel (Figure 1-3
22

). 

 

 



 

9 

 
Figure 1-3 Fibrin polymerization.

22
 

 

 

Simultaneously, thrombin activates factor XIII and converts it into active factor XIIIa 

that stabilizes the polymeric fibrin gel through the covalent disulfide crosslinkages of its γ- 

and, then α- polypeptide chains.
26

 Such stabilization of fibrin give the clot adequate 

mechanical rigidity and stability towards the plasmin cleavage,
27,28

 where plasmin provides 

the subsequent cleavage of the fibrin network and acts to dissolve the fibrin clot in the final 

step of healing, referred to as fibrinolysis.
29

 Finally, soluble fibrin is converted to three-

dimensional, covalent structure of cross-linked, insoluble fibrin. Hemostasis proceeds when 

serum proteins, such as platelets and red blood cells, are caught by this polymerized fibrin 

mesh and aggregate at the site of injury, forming the hemostatic plug. This locally transforms 

liquid blood into a gelled clot.  
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Factor XIIIa is a thiol enzyme (protein-glutamine-γ-transferase) that belongs to the 

transglutaminase family. This family catalyzes the formation of γ-glutamyl-lysine isopeptide 

bonds.
30

 An isopeptide bond is a bond between the carboxyl terminus of one protein and the 

amino group of a lysine residue on another protein. McKee et al.
25

 reported that crosslinking 

of fibrin by the action of XIIIa consists of the rapid formation of crosslinks between γ-chains 

that produces γ-γ dimers, and a much slower formation of crosslinks between α-chains that 

produce higher molecular weight polymers of at least six α-chains. In addition, β-chains are 

not involved directly in the crosslinking of fibrin. The faster crosslinking between γ-chain 

completes within five minutes of the onset of clot formation, while the slower crosslinking 

between α-chains completes only after 90 minutes. Moreover, they found that the more 

extensive the crosslinks in α-chain, the greater the insolubility of the fibrin. Authors 

concluded that although it is still uncertain whether the γ-γ dimmers are formed by intra- or 

intermolecular reaction, higher molecular weight α-chains could only be formed by 

crosslinkage between α-chains in different molecules. Thus, the extensive crosslink among 

fibrin molecules on formation of insoluble fibrin mesh must largely depend on formation of 

insoluble crosslinks between α-chains. It is noteworthy that the extent of crosslinking in 

fibrin is reflected by the solubility of the fibrin in 10 M urea, turning out that the more 

extensive the crosslinks in α-chain, the greater the insolubility of the fibrin (Figure 1-4).
25

 

Besides, it is also notable that formation of the γ-γ and the -α-α- crosslinks was accelerated 

by calcium in the presence of excess ethylenediaminetetraacetic acid (EDTA), which is a 

versatile chelating agent that binds to the metal ions like Ca
2+

 and forms 1:1 metal-to-EDTA 

complexes. 
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Figure 1-4 Gel electrophoresis of fibrin as a function of time of crosslinking by fibrin stabilizing factor 

(factor Xllla). Fibrinogen was reacted with thrombin and the above factor for the intervals indicated as 

described in the text, and the resulting fibrin was reduced and analyzed on the gels.
25 

 

 

1.1.2 Fibrin-based Hemostatic Wound Dressing 

Current investigated hemostatic agents include surgical gauze, gelatin foam, oxidized 

cellulose, microfibrillar collagen powder, collagen fleece modified collagen and fibrin. 

Generally, these agents are applied to the injury with gentle to moderate digital pressure to 

establish hemostasis within three to four minutes.
31-33

 However, these hemostatic agents are 

ineffective in many conditions because the hemostatic properties of these agents depend on 

adequate platelet and the clotting factors. On the other hand, fibrin is a natural hemostat and 

scaffold, guiding the direction of wound contraction and closure. In vivo, fibrin protects 

wounded tissues by providing a moist environment and forms a provisional matrix through 
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which cells migrate during the healing process. Thus, many researchers attempted to take 

advantage of natural fibrinogen, the precursor of the fibrin, and its derivatives as effective 

hemostatic agents.  

Fibrin-based sealants were first-developed in the 1940s and have proven to be quite 

effective.
16,34

 For example, one form involves a dry powdered mixture of human fibrinogen 

and thrombin packed onto a solid bandage backing. When such a bandage is firmly pressed 

onto a bleeding injury, a strong fibrin seal quickly forms and bleeding is stopped.
16

 Fibrin-

based hemostatic agent has been found to be effective in achieving hemostasis of superficial 

and deep liver and splenic injuries in experimental and clinical studies.
35,36

 In general, almost 

all formulations of fibrin sealants are presented in two-component systems in which a 

solution of concentrated fibrinogen and factor XIII are combined with a solution of thrombin 

and calcium in order to form a coagulum, simulating the final stage of the clotting cascade. 

Once the thrombin/calcium is combined with the fibrinogen/factor XIII, a fibrin clot forms in 

seconds, or somewhat slower if a more dilute form of thrombin is used. The application 

devices are designed to mix the fibrinogen and thrombin components either just prior to 

contact with tissue or on the tissue itself. Problems associated with application include 

immediate clotting between the two components before binding with the tissues and/or poor 

mixing of the components, which result in low bonding strength.
37-39

  

For the purpose of maximizing the ease of application, fibrin has been associated with 

sponges made of cellulose
40

 or collagen
41

 to improve wound healing ability. Fibrin sealant in 

combination with collagen also has been shown to be a safe and effective method for control 

of hemorrhage from splenic and liver injuries, with no evidence of increased infections or 
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hemorrhagic complications.
42,43

 Moreover, Krishnan et al.
44

 prepared a composite sheet of 

human fibrin and gelatin with improved mechanical strength. The sheets being porous, blood 

oozing from the injured site would penetrate and react with the excess thrombin in the sheet 

to clot and arrest bleeding. Also, Noorjahan et al.
45

 reported that gelatin is a good candidate 

to give fibrin film better mechanical properties with compatible wound healing properties. 

However, fibrin bandages have limited practical applicability in trauma medicine because 

human fibrinogen and thrombin are highly expensive molecules that are scarce in supply.
34

 If 

a biomimetic crosslinked fibrous mat of approximately the same dimensions as a naturally 

occurring fibrin network based on an inexpensive and widely available biomaterial would be 

developed, it should be possible to construct an artificial blood clot that accelerate the 

clotting process than those possible in the unaided physiological processes.  

 

1.1.3 Evaluation of Blood Clotting Time 

When blood is removed from the body and placed in a glass test tube, it clots in 

around four to eight minutes. Calcium ions are required for this process. Added EDTA or 

citrate prevents clotting by binding calcium. Therefore, clotting can be initiated in vitro at a 

later time by adding an excess of calcium ions. The clotting time can also be shortened by 

adding an emulsion of negatively-charged phospholipids (PL). The clotting time is further 

shortened to 21 to 32 seconds by pre-incubation of the plasma with particulate activator 

substances, such as kaolin, silica. The blood clotting initiated by kaolin, PL, and calcium is 
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termed the activated partial thromboplastin time (aPPT, APTT) or the partial thromboplastin 

time (PTT), where the thromboplastin is a synonym of tissue factor. 

Alternatively, the clotting time of blood plasma can be shortened to 11 to 12 seconds 

by adding thromboplastin (tissue factor) and calcium ions. The reaction initiated by 

thromboplastin and calcium is termed the prothrombin time (PT). Since patients with 

inherited bleeding disorders have prolongation of the aPTT, the PT, or both, these are useful 

clinical screening tests to detect abnormalities of the extrinsic, intrinsic, and the common 

pathways. For example, a patient with a prolonged aPTT and a normal PT is considered to 

have a defect in the intrinsic coagulation pathway since all of the components of the aPTT 

test, i.e., negative-charged surfaces, initiate the intrinsic pathway. On the other hand, a 

patient with a prolonged PT and a normal aPTT has a defect in the extrinsic pathway since 

the component of the PT test, i.e., tissue factor, initiates extrinsic pathway. Prolongation of 

both the aPTT and the PT suggests that the defect lies in a common pathway (Figure 1-5). 

 

 

 
Figure 1-5 Identification of distinct coagulation factors.

22 
If mixing plasma from two patients with defect 

in either of the coagulation pathways would correct the clotting time to normal, this suggests that the two 

patients have different coagulation factor deficiencies. 
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1.2 Chitosan as Hemostat 

Chitosan is a linear polysaccharide composed of randomly distributed β-(1-4)-linked 

D-glucosamine and N-acetyl-D-glucosamine. Chitosan is the fully or partially N-deacetylated 

derivative of chitin, which is the structural element in the exoskeleton of crustaceans and cell 

walls of fungi. Both chitin and chitosan have been commercially interesting due to their high 

percentage of nitrogen content (6.89%) compared to synthetically substituted cellulose 

(1.25%).
46

 This provides chitin and chitosan different properties from that of cellulose 

although they are structurally similar (Figure 1-6
46

). The application of chitin and chitosan 

and their derivatives are widespread from agriculture, medicine, environment, to food. 

Especially, much attention has been paid to chitosan as a polysaccharide with many potential 

biomedical applications.  
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Figure 1-6 Structures of cellulose, chitin, and chitosan.

46
 

 

 

 

Chitosan is interesting in the way that it maintains its hydrated gel-like structure in a 

neutral and basic pH environment but is solubilized in an acidic environment due to the 

positive charge that comes from protonation of its free amino groups. In particular, chitosan 

becomes soluble in aqueous solutions due to the protonation of its amine groups in acidic 

environments. Once dissolved, chitosan remains in solution up to around pH 6.2, since the 

amino groups of chitosan have a pKa value in the vicinity of 6.4.
47,48

 Increasing the pH of 

chitosan aqueous solution to above 6.2 leads to the formation of a hydrated gel-like 
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precipitate.
49

 This provides a substantial bioadhesive quality, which readily binds chitosan to 

negatively charged surfaces such as the mucosal membrane and chelates metal ions. Thus, 

chitosan has been of interest as a promising biodegradable/ biocompatible cationic 

biomaterial for a wide range of medical applications over the last three decades. Chenite et 

al.
49

 demonstrated that the combination of chitosan and polyol-phosphate salt, which is a 

well-known thermoset-gel forming material, results in a temperature-controlled pH-

dependent chitosan reverse gel, allowing the chitosan solutions to remain liquid at 

physiological pH and at room temperature and then turn into gel if heated to body 

temperature (37˚C) without any crosslinkers. This could be a potential non-surgically applied 

drug delivery vehicle. Furthermore, recent studies suggested that chitosan and its derivatives 

are great candidates as supporting material for tissue engineering that inhibit fibroplasias in 

wound healing and promote tissue growth and differentiation in tissue culture due to their 

porous structure, gel forming properties, high mucoadhesion (high affinity to protein), and 

ease of chemical modification.
50-53

 In addition, this indicates that chitosan can be potentially 

used as controlled drug carriers that transport a drug to an acidic environment like the human 

stomach, where the chitosan drug carrier degrades and releases the drug rapidly.
54-63

 

One of the important parameters of chitosan is the degree of N-deacetylation (DD%), 

i.e., the ratio of 2-acetamido-2-deoxy-D-glucopyranose to 2-amino-2-deoxy-D-

glucopyranose structural units. A common method for the synthesis of chitosan is the 

alkaline deacetylation of chitin in concentrated sodium hydroxide aqueous solution at an 

elevated temperature. Although typical DD% of commercial chitosans is 65% or more,
46

 this 

method makes it possible to produce chitosan with DD% of up to 98%.
64

 This ratio has a 
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striking effect on its solubility and solution properties. As mentioned earlier, the derived 

amino group in chitosan has a pKa of 6.3-6.5,
47,48

 which makes chitosan protonated in acidic 

to neutral solution with a charge density dependent on the environmental pH and the degree 

of deacetylation. Due to this, chitosan is soluble in dilute aqueous acids, such as acetic acid 

and formic acid, moreover, the low molecular weight chitosan can be soluble in water. 

Furthermore, chitosan with a low degree of deacetylation ~40% has been found to be soluble 

up to pH 9.0.
65

 Solubility is greatly influenced by the addition of salt to the solution. The 

higher the ionic strength, the lower the solubility.
65

 This is due to the fact that chitosan in 

solution exists in an extended conformation with a more flexible chain due to the repelling 

effect of each positively charged deacetylated unit on the neighboring glucosamine unit. 

Addition of an electrolyte reduces this effect, resulting in a more random coil-like 

conformation in the molecule. A higher electrolyte concentration, thus, results in a salting-

out effect leading to the precipitation of chitosan from solution.
66

 Increasing degree of 

deacetylation increases the viscosity of chitosan solution due to the extended conformation in 

highly deacetylated chitosan. In addition, high molecular weight and a linear unbranched 

structure of chitosan bring about an excellent viscosity enhancing effect
 
in an acidic 

environment with the shear-thinning behavior. The viscosity also increases with an increase 

in chitosan concentration, but decreases with an increase in temperature.  

In order to determine DD %, several methods have been used, including IR 

spectroscopy,
67-69 

X-ray diffraction (XRD),
70

 gel permeation chromatography,
71

 UV 

spectrophotometry,
71-73

 
1
H-NMR spectroscopy,

74
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C-NMR spectroscopy,
66,75 

conductometric 

titration,
75,76

 potentiometric titration,
77,78

 or mass spectrometry.
78 
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1.2.1 Chitosan-based Hemostatic Wound Dressing 

Chitosan is an attractive biomaterial for wound care due to its biocompatibility and 

antimicrobial properties.
79-81

 Chitosan’s mechanism of action functions independently of 

either the intrinsic or extrinsic clotting cascades, and forms an immediate seal on wounds. 

The hemostatic effect of chitosan was proposed to be due to an interaction between the 

negatively charged cell membrane of erythrocytes and positively charged chitosan, and to be 

independent of the classical coagulation cascade.
82

 Recently, chitosan has gained approval in 

the United State and Europe for use in bandage and other hemostatic agents.
83,84

 CELOX
TM 

(Medtrade Products Ltd., UK), one of the chitosan-based hemostatic dressing products, has 

been shown to arrest bleeding quickly and result in high survival of lethal arterial wounds in 

swine, reducing blood loss.
85

 There are several chitosan-based hemostatic dressings for the 

control of bleeding in small wounds and have applications in maxillofacial, general, trauma, 

and neuro surgeries. Some commercially available chitosan based hemostatic dressings are 

HemCon® (HemCon Inc., Portland, OR), Chitoflex® (HemCon Inc., Portland, OR), 

SyvekPatch® (Marine Polymer Technologies Inc., Danvers, MA), Clo-Sur P.A.D.
TM

 (Scion 

Cardio-Vascular, Miami, FL), and ChitoSeal
TM

 (Abbott Vascular Devices, Redwood City, 

CA) in Figure 1-7. The mechanism of action for chitosan is believed to be tissue adhesion, 

attraction of circulating blood cells, and vasospasm. A representative chitosan-based 

hemostatic pad, HemCon® bandage, incorporates chitosan into a flexible bandage which 

becomes sticky when it contacts blood or other moisture, and adheres to the wound site and 

seals it with an antimicrobial barrier.
86

 HemCon® works through ionic interaction by 

drawing negatively charged red blood cells and platelets to the positively charged bandage, 
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forming a clot and creating an anti-bacterial barrier that protects the wound from 

infection.
81,86 ,87

  

 

 

Figure 1-7 Commercial chitosan-based hemostatic wound dressing products; Clo-Sur
PLUS

 P.A.D.
TM

(Scion 

Cardio-Vascular, Inc.  Miami, FL) (left) and ChitoFlex® Dressing  (HemCon Medical Technologies, Inc. 

Portland, Oregon) (right). 

 

 

One challenge facing the design of hemostatic dressings is the growing incidence of 

infection by antibiotic-resistant bacteria strains in battlefield trauma wounds.
88,89

 Although 

the use of broad range of antibiotics has been implicated in the selection of these resistant 

pathogens, surgical debridement to reduce wound bacteria bioburden may not be possible 

under combat conditions.
89,90

 Chitosan itself and several chitosan derivatives are known for 

their antimicrobial activity. In view of both arrest of bleeding and reducing of contamination 

in the bleeding wounds, chitosan has attracted attentions as an improved hemostatic and 

antimicrobial wound dressing material. 

The antimicrobial activity of chitosan depend on several factors, such as the nature of 

chitosan (degree of deacetylation, molecular weight), the pH of the medium, the temperature, 
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etc. The mechanism of the antimicrobial activity has not been fully elucidated yet, but several 

hypotheses have been postulated. The most feasible hypothesis proposed is a crosslinking 

between polycations of chitosan and the anions on the bacterial surface like E. coli, which 

alter the cell membrane permeability, resulting in the leakage of glucose and lactate 

dehydrogenase from E. coli cells. Tsai et al.
91

 demonstrated that the antibacterial effect was 

potentiated in an acidic pH and a higher temperature, while presence of divalent cations in 

the external medium reduced this antibacterial activity. This result can be considered as 

chelate formation between chitosan and divalent cations that suppresses the crosslinking 

between chitosan and bacterial surface. Similar results were earlier reported by Valenta et 

al.
92

 for chitosan-EDTA conjugate neutralized with sodium hydroxide. The antibacterial 

effect of chitosan-EDTA was explained by its high binding affinity for Mg
2+

, which was 

responsible for the stabilization of the outer membranes of Gram-negative bacteria.  

 Although a number of chitosan-based hemostatic wound dressing products are 

available, the mechanism of wound healing acceleration by chitosan is still under 

investigation. Some researchers have concluded that chitosan accelerates blood coagulation 

in vivo by activating platelets.
93-95

 Okamoto et al.
96 

evaluated the effects of chitin and 

chitosan on blood coagulation, particularly focusing on the function of platelets. They found 

that both chitosan and chitin shorten the blood coagulation time (BCT), indicating that chitin 

also has a potency of hemostasis as well as chitosan. It has been reported that fine powders of 

chitosan causes the reduction of the blood coagulation time by 4.7 min in a dose dependent 

manner, as shown in Figure 1-8.
96

 They demonstrated that chitosan enhanced the release of 

the platelet-derived growth factor-AB (plays a significant role in blood vessel formation, the 
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growth of blood vessels from already-existing blood vessel tissue) and the transforming 

growth factor-β-1(performs many cellular functions, including the control of cell growth, cell 

proliferation, cell differentiation, and apoptosis). Interestingly, chitin was less effective for 

blood coagulation, however, it enhanced aggregation of platelets more than chitosan, 

pointing out that platelets aggregation is not the only factor to affect blood coagulation. 

 

 

 
Figure 1-8  Effect of chitin and chitosan on blood coagulation time. Chitin and chitosan with particle size 

of 2.8 mm were mixed with whole blood: *( p < 0.05 vs. Control), **(p < 0.01vs. Control).
96

 

 

 

Moreover, it has been reported that chitosan shows high-compatibility against 

erythrocytes morphologically and induces erythrocytes aggregation, which influences the 
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shortening of BCT. In addition, Dowling et al.
97

 reported that the hydrophobically modified 

chitosan is capable of transforming rapidly the liquid blood into an elastic gel when it 

contacts heparinized human blood. When added to liquid blood, the hydrophobes on the 

hydrophobically modified chitosan derivatives are inserted into blood cell membranes and 

connect the cells into a three-dimensional network (gel structure).  

 

1.2.2 Improved Hemostatic Ability of Chitosan 

Both poorly deacetylated chitin and chitosan are interesting polysaccharides with ease 

of chemical modification because of the presence of the amino groups at the C-2 position, 

which can be suitably modified to impart desired properties and distinctive biological 

functions, including water solubility.
98-100

 Apart from the amino groups, they have two 

hydroxyl groups for effecting appropriate chemical modifications to enhance solubility.
101

 

Due to these functional groups, chitin and chitosan can undergo many chemical 

modifications, like esterification, etherification, urethane formation, cross-linking with poly-

functional reagents and graft copolymerization,
99,100

 also such as quaternization, formation of 

Schiff bases and other NH2-specific reactions,
98

 which opens the way to their use in a wide 

variety of biomedical and biomaterial applications.
99

  

In recent years, hydrophobically modified chitosan has attracted attention. The first 

investigation upon chitosan solubility properties and increases in its hydrophobic character 

was reported by Yalpani and Hall
102

 in 1984. The progressive decrease in water solubility of 

the initially highly polar modified chitosan was attained by appending alkyl chains of 
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growing length. Furthermore, Desbrieres et al.
103

 substituted amino groups of chitosan with 

C3 (three carbon atoms) to C12-alkyl chains by reductive amination, and demonstrated that a 

minimum of six carbon atoms was required to impart hydrophobic characteristics to chitosan 

within the experimental conditions studied.  

 As mentioned above, native chitosan has been used as a hemostatic material due to its 

cationic and antimicrobial nature, however, its hemostatic efficacy in dealing with severe 

wounds has been questioned.
104

 Dowling et al.
97

 hypothesized the mechanism of hemostatic 

action of hydrophobically modified chitosan involves the anchoring of hydrophobes from the 

polymer into the hydrophobic interiors of blood cell membranes. That is, blood cells would 

become connected by biopolymer chains into a sample-spanning gel network, which could 

potentially transform liquid blood into a gelled clot, i.e., a hemostatic plug. In particular, they 

attached a small number of hydrophobic alkyl tails to the backbone of chitosan, as shown in 

Figure 1-9.
97
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Figure 1-9 Mechanism for gelation of blood by hydrophobically modified (hm)-chitosan. On the left the 

polymer is shown schematically with its hydrophilic backbone in blue and the grafted benzyloctadecyl 

hydrophobes in purple. When added to liquid blood, the components assemble into a three-dimensional 

network (gel), as shown on the right. This is driven by insertion of hydrophobes into blood cell 

membranes (as depicted in the top inset); thereby the polymer chains connect (bridge) the cells into a 

self-supporting network.
97

 

 

 

They successfully demonstrated that when hydrophobically modified chitosan contacted 

heparinized human blood, it rapidly transformed the liquid in to an elastic gel. In contrast, the 

native chitosan does not gel blood. Gelation occurs within a few seconds of mixing the 

polymer into blood and the gel remains stable indefinitely. Rheological tests revealed that the 

chitosan/blood sample has a constant viscosity of about 0.01 Pa s, which is about four times 

that of blood alone. In contrast, the mixture of 0.25 wt% solution of hydrophobically 

modified chitosan (viscosity of about 0.07 Pa s) and blood has a low-shear viscosity around 

10,000 Pa s, which is a million-fold higher than that of blood. Also, in this case, the steep 

drop in viscosity around a stress of 2 Pa is indicative of a yield stress,
105

 meaning that the 
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sample hardly flows at stresses below this value. According to this result, they assumed the 

structure of the blood gels as illustrated in Figure 1-9, where some of the hydrophobes from 

hydrophobically modified chitosan chains are shown embedded within the hydrophobic cores 

of cell membranes. Individual polymer chains thereby connect adjacent cells, and the net 

result is a sample-spanning three-dimensional network in which the cells act as the crosslink 

points or nodes. 

 

1.2.3 Improved Mocoadhesion of Chitosan 

Recently, thiolated polymers, or thiomers, bearing free thiol side groups on their 

backbone chains, have been widely studied as a prospective new generation of mucoadhesive 

polymers.
106-136

 Many mucoadhesive approaches are based on the formation of non-covalent 

bonds including hydrogen bonds, van der Waals interactions, or ionic interaction, but 

providing only weak mucoadhesion.
123

 By contrast, thiomers are capable of establishing 

strong mucoadhesion, by forming covalent bonds. The most common mucoadhesive structure 

in biological systems is the formation of disulfide covalent bonds between cysteine-rich 

subdomains of mucus glycoproteins of the mucus gel layer and the free thiol groups of 

thiomers through either thiol/disulfide exchange reactions or a simple oxidation process of 

free thiol groups
113,114

 as shown in Figure 1-10
114

. 
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Figure 1-10 Mechanism of disulfide bond formation between thiomers and mucus glycoproteins (mucins) 

according to Leitner et al.
114

 

 

 

As mentioned above, chitosan is a cationic polymer with positively charged primary 

amino groups in the acidic condition. This cationic character of chitosan provides 

mucoadhesive properties that can be mainly attributed to ionic interaction between the 

cationic amino groups of chitosan and the negative substructures of the mucus, such as sialic 

acid moieties.
114

 Moreover, the primary amino group at the C-2 position of chitosan can react 

with sulfhydryl compounds to produce thiolated chitosan derivatives, which can form the 

covalent disulfide bond with the mucus glycoproteins, which are also covalently anchored in 

the mucus layer by disulfide bonds. Therefore, thiolated chitosan derivatives have been 

known to mimic the natural behavior of secreted mucus glycoproteins.
106-111
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In general, sulfhydryl bearing compounds are covalently attached to the primary 

amino group via the formation of amide or amidine bonds. Numerous thiolated chitosan 

derivatives have been synthesized, including chitosan–cysteine (chitosan-Cys) conjugate,
124

 

chitosan–4-thio-butyl-amidine (chitosan-TBA) conjugate,
109

 chitosan–thioglycolic acid 

(chitosan-TGA) conjugate,
107,108,110,125 

chitosan–N-acetylcysteine (chitosan-NAC) 

conjugate,
126

 chitosan–2-thio-ethyl-amidine (chitosan-TEA) conjugate,
127

 chitosan–

glutathione (chitosan-GSH) conjugate,
128

 the aryl thiolated chitosans chitosan–6-

mercaptonicotinic acid (chitosan-MNA),
120

 and chitosan–4-mercaptobenzoic acid (chitosan-

MBA).
130

 All of these structures are summarized in Figure 1-11
131

. 
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Figure 1-11 Structures of established thiolated chitosans.
131
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These chitosan derivatives have demonstrated greater formation of disulfide 

crosslinking and resultant in situ gelling of the thiolated chitosan, as well as a significantly 

improved mucoadhesiveness. Bernkop-Schnurch et al.
109

 obtained the result that the viscosity 

of chitosan-4-thio-butyl-amidine (chitosan-TBA) conjugate increased more than 100-fold in 

comparison to unmodified chitosan, as well as a significant improvement of the 

mucoadhesive properties in comparison to unmodified chitosan and chitosan-thioglycolic 

acid (chitosan-TGA) conjugates, which were tested under the same conditions as shown in 

Table 1-2.
109

 

 

 

Table 1-2 Comparison of the mucoadhesive properties of chitosan–TBA conjugates, chitosan–TGA 

conjugates, and unmodified chitosan
109 

Test discs of each polymer were attached to excised porcine mucosa, which has been spanned 

on a cylinder and agitated with 125 rpm in a 100 mM phosphate buffer pH 6.0 at 37± 0.5˚C. 

The indicated time of adhesion represents the mean (±S.D.) of at least three experiments. The 

improvement ratio is calculated by adhesion time of conjugates versus adhesion time of control. 

*a According to Kast and Bernkop-Schnurch (2001); chitosan-TGA 10 and 30 display 9.9 and 

27.4 μM thiol groups per g polymer, respectively. 
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Furthermore, for the future applications of the thiomers including non-chitosan based 

thiomers, the use in oral-,
120,132-135

 nasal-,
121

 and ocular
136

 delivery systems have been 

investigated. Guggi et al.
133,135

 proposed a potential oral mucoadhesive drug delivery system 

that comprise chitosan-TBA conjugate and salmon calcitonin as a model drug which act to 

reduce blood calcium. The tablets comprised of chitosan-TBA conjugate and unmodified 

chitosan were, respectively, orally given to rats and the plasma calcium level was monitored 

with time. The data showed that only chitosan-TBA based tablets caused a decrease of 

plasma calcium level of more than 5% for several hours. Further studies would lead to the 

expansion of proposed biomedical applications of thiolated chitosan derivatives. At present, 

the thiolation has been successfully accomplished for several polymers, not only chitosan,
106-

111
 but also alginate,

112 
poly(acrylic acid),

115-118
 polycarbophil,

119-121
 and pectin.

122
  

 

1.3 Concept of Artificial Blood Clot Model 

Crosslinking or modification reactions using disulfide exchange processes form 

disulfide linkages with sulfhydryl-containing molecules. These bonds are reversible using 

disulfide reducing agents. Compounds containing a disulfide group are able to participate in 

disulfide exchange reactions with another sulfhydryl compounds. The disulfide exchange 

process involves attack of the thiol at the disulfide, breaking S-S bond, with subsequent 

formation of a new mixed disulfide constituting a portion of the original disulfide compound. 

The reduction of disulfide groups to sulfhydryls in proteins using thiol-containing reductants 

proceeds through the intermediate formation of a mixed disulfide. If the thiol is present in 
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excess, the mixed disulfide can go on to form a symmetrical disulfide consisting entirely of 

the thiol reducing agent, thus completely reducing the original disulfide to free sulfhydryls. 

Disulfide exchange reactions occur over a broad range of conditions from acid to basic pH 

and in a wide variety of buffer constituents. Most crosslinking reactions involving disulfide 

exchange are done under physiological conditions or those most appropriate to maintain 

stability of the protein or other molecule being modified. 

Cysteine is a sulfur-containing (sulfhydryl or thiol) amino acid (Figure 1-12), which 

is present in many proteins throughout the body including blood plasma. For example, in 

serum albumin which is the most abundant plasma protein in mammals, there are 17 cystine 

residues and 6 glutamylcystine (Glu-Cys) dipeptides.  Previously, Triantaphyllopoulos et al. 

quantified the amino acid composition of human fibrinogen.
137

 As shown in Table 1-3, there 

is remarkable amount of cysteine content in human fibrinogen. 

 

 

 
Figure 1-12 The chemical structure of cysteine.  
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Table 1-3 Amino acid composition of human fibrinogen and three intermediate anticoagulant derivatives 

isolated from fibrinogen solutions by ammonium sulfate fractionation and column electrophoresis
137

 

 

 

 

 

Cysteine is a potent nucleophile, which is often linked to another cysteine to form a dimer 

cystine through the covalent disulfide bond. This leads to the idea that incorporation of thiol 

reactive groups into chitosan, which react with cysteine or cysteine found in blood plasma 

proteins, would induce crosslinking between the chitosan derivative hemostat and blood cells 

and elicit chemical gelation of the blood plasma. In order to accelerate gel formation, there is 

Residues/ 10
5
 g of protein moiety exactly 

LP100: a derivative isolated as the large electrophoretic peak at the end of the clottable period 

(100% CP) of the parent fibrinogen solution; LP200 and SP200: derivatives obtained as the large 

peak and small peak, respectively, at twice this period (200% CP) 
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a need to identify and induce crosslinking reactions to interact with as many blood proteins 

as possible. There are several candidates for the derivatization of chitosan to yield a material 

capable of gelling blood plasma proteins; thiolated chitosan, chitosan/iodoacetate, and 

Sanger’s reagent.  

First, as mentioned before, thiol bearing chitosan has been reported to have enhanced 

mucoadhesion through the formation of covalent disulfide bonds with cysteine-rich 

subdomains of mucus glycoproteins building up the mucus gel layer. This would apply for 

formation of crosslinking with cysteine (or cystine) in blood plasma proteins. Thiomers have 

pH-dependent reactivity. Thus, the thiol-modified chitosan system would require a desired 

pH range to induce in situ gelling. The reactive form of thiomers is the thiolate anion. The 

pKa of alkyl thiols is in the range of 8 to 10.
138

 This means that thiomers will be most 

reactive in a pH range slightly above the physiological intestinal pH, for example, the 

stomach pH is very low, the small intestine pH is around 5, or vaginal pH is in the range of 

3.5-5. Ideally, a system should be a non-pH-dependent. Millotti et al.
139

 reported on the pH-

independent in situ gelling properties of thiolated chitosan by 6-Mercaptonicotinic acid. 

Secondary, iodoacetic acid has been known as an irreversible inhibitor of all cysteine 

peptidases by interacting with the free thiol group of cysteine. This research mainly focuses 

on the gelation of blood protein via this approach, thereby, the detail reaction mechanism 

between cysteine and iodoacetate will be discussed in following section.  

Finally, another approach is the incorporation of moiety as an analog to thiol groups, 

such as Sanger’s reagent, also referred as to 1-fluoro-2,4-dinitrobenzene (FDNB). In 1950, 

Shaltiel et al.
140

 demonstrated that proteins react with Sanger’s reagent selectively at cysteine 
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residue sites within the protein structure. They reported that treatment of a dehydrogenase 

enzyme with Sanger’s reagent at pH 8 at 22˚C for 30 minutes resulted in the complete loss of 

enzymatic activity. This gives the possibility that Sanger’s reagent introduced to the 

backbone of chitosan would also be a good bridge between cysteine. Nevertheless, Sanger’s 

reagent would possibly be toxic due to the bearing fluorine. The structures of all of these are 

shown in Figure 1-13. 

. 

 

 

Figure 1-13 Chemical structures of chitosan-TGA, iodoacetic acid, and Sanger’s reagent (1-Fluoro-2,4-

dinitrobenzene) from left to right. 

 

 

1.4 Purpose of Research 

Although a variety of advanced hemostats have been brought to market, several 

products work simply by absorbing the blood at the site of the wound rather than by actively 
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coagulating the blood.
141,142

 The fibrin sealants (ref. Sect. 1.1.2) are useful hemostatic 

materials that simulate the final stage of the clotting cascade, nevertheless, the efficacy of 

fibrin sealants have been still under investigation.
141,143

 Recently, a new approach has been 

put forward by Ellis-Behnke et al.,
144

 where the self-assembly of a synthetic peptide into a 

nano-fibrous network
145

 is used to achieve hemostasis independent of the natural coagulation 

cascade. While this method is promising, the synthetic peptides employed are expensive and 

difficult to synthesize, therefore their practical viability is unclear. Furthermore, most of 

current hemostatic agents employ the patches that are firmly compressed on open wound 

sites until arrest of bleedings are completed. These patches, however, cannot be applied on 

non-compressible wound sites, such as the brain, peritoneal cavity, etc. Therefore, a new 

hemostatic system that is intended for the use in the form of injected liquids would be useful 

for these non-compressible sites. 

The objective of this research is to propose a new hemostatic system based on 

chitosan derivative that relies on in situ formation of artificial blood clots via simultaneous 

gelation of blood plasma proteins and agglutination of the various suspended cells found in 

blood without the risk of undesired gelation or clotting in parts of the body that are not 

involved in the site of injury. In particular, we prepared a chitosan derivative hemostat matrix 

that could crosslink covalently with the cysteine-rich domains existing in the serum proteins, 

such as albumin, to cause the transformation of liquid blood into gel and act synergistically to 

enhance clot formation. The formation of the artificial blood clot relies upon the 

derivatization of chitosan to yield a material capable of gelling blood plasma proteins. In this 

research, first, thiolated chitosan composed of chitosan and thioglycolic acid (TGA) was 



 

37 

considered on its blood coagulation ability through the formation of disulfide crosslinking 

with cysteine since its high mucoadhesiveness between cysteine-rich domains of 

glycoproteins was expected to be an useful approach for this new type of hemostatic agent. 

This brought us to investigate the potential of chitosan modified by iodoacetic acid. This is a 

novel chemical structure which has not been synthesized before. It is expected that chitosan 

easily undergoes the amidation by iodoacetic acid to produce chitosan iodoacetamide (CIA) 

derivative. This study emphasizes the first synthesis of CIA and the investigation of its 

ability to interact with cysteine in the blood protein.  

Gelling by chitosan derivatives is caused by the formation of chemical three-

dimensional crosslinking networks. In order to accelerate gel formation, there is a need to 

understand the gelling behavior and identify and induce crosslinking reactions to turn as 

many blood proteins to a gel as possible. Rheological study is necessary to understand the 

crosslinking behavior of blood cells, plasma protein and the hemostat matrix, and resultant 

hemostatic ability. The effect of the concentration, molecular weight (chain entanglement), or 

DD% (charge density) of chitosan and its derivatives on the rheological properties have been 

investigated through steady shear experiments or dynamic oscillatory experiments. These 

results are discussed in the following chapters. 
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CHAPTER 2 

2 Preparation of Chitosan Derivatives as Improved Hemostat 

Chitosan has been of interest as a promising biodegradable,
146-149 

biocompatible,
147,149,150

 and low toxic
151

 biomaterial with antimicrobial activity for a wide 

range of medical applications in the form of films,
147,148,152-155

 fibers,
156-159

 sponges,
149,160

 

porous scaffolds,
161,162

 gels,
163-165

 tubes,
166

 microspheres,
167

 microcapsules,
168

 and 

nanoparticles.
169-172

 Chitosan is much easier to undergo chemical modifications than chitin.
173

 

The availability of numerous amino and hydroxyl groups allows chitosan to be conjugated 

with antiviral,
174

 antimicrobial,
175

 antitumor,
176,177

 and anticoagulant agents,
178

 as well as 

peptides.
179

 Various reactions have been proposed to introduce different functional groups on 

chitosan. Generally, chitosan derivatives can be obtained through specific reactions involving 

the amino group at the C-2 position or nonspecific reactions involving hydroxyl groups at the 

C-3 and C-6 positions, especially esterification and etherification.
180-183

  

The most important fields for chitosan and its derivatives have been cosmetic, 

pharmaceutical, and biomedical applications, including surgical sutures, dental implants, 

artificial skin, rebuilding of bone, corneal contact lenses, wound dressings, bone tissue 

engineering, and drugs delivery systems. Chitosan materials are also known to activate 

biological defense mechanisms. Nishimura et al.
184

 reported that chitosan with degree of 

deacetylation (DD%) of 70% showed macrophage activation, cytokine production, and anti-

infectious activity. The cytotoxicity of chitosan is reported to be dose dependent and 

decreases with a decrease in molecular weight and degree of deacetylation,
185

 while chitosan 



 

39 

of 700 kDa or larger has been used safely in actual clinical applications.
149,186

 Additionally, 

chitosan and its derivatives have been investigated as tissue engineering scaffold for bone,
148

 

liver,
154

 nerve,
166

 cartilage,
148,153,155,157,162

 and skin
161,165,187

 since chitosan has partially similar 

structure to glycosaminoglycans, which are essential structural elements of the extracellular 

matrix of most tissues. Therefore, chitosan has been reported to accelerate early phase 

healing of open skin wounds by increasing the rate of infiltration of polymorphonuclear cells 

and the production of collagen by fibroblasts.
188

 

These properties make chitosan a useful candidate as the basement material for 

hemostatic wound dressings. As mentioned earlier, thiolated chitosans have been proved to 

enhance the mucoadhesion due to their disulfide bonds formation with cysteine-rich mucus 

layer. In this chapter, a chitosan derivative that bears a moiety that reacts with cysteine was 

prepared and characterized in terms of its ability to induce the interaction with cysteine 

existing in the blood protein. 

 

2.1 Deacetylated Chitosan 

Finely ground chitosan with a degree of deacetylation of around 96%, which was 

previously obtained in this lab through the alkalin deacetylation of commercial chitin [Sigma 

chitin Lot 21 HO189], was used as a starting material for this work. First, the chitin was 

soaked for two days in 14% NaOH at 5˚C to decolorize. The decolorized chitin was washed 

with distilled water and filtered through polypropylene screen until the filtrate was neutral to 

pH paper. Then, the chitin was placed in additional distilled water and heated at 80˚C for 30 
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minutes, filtered and washed with distilled water. The moist chitin was dried at 115˚C for 20 

hours, and cooled in a vacuum desiccator. The dry decolorized chitin was mixed with 50% 

NaOH for 30 minutes and heated to 120-130˚C for 2 hours under N2 purge. After the reaction 

was completed, the mixture was washed with distilled water repeatedly until the filtrate is 

neutral. Finally, the chitosan was dried overnight in an oven at 115˚C, then cooled under 

vacuum. 

 

2.2 Obtaining of Chitosan Derivatives 

For the purpose of this work, any moieties that react with thiol groups found in 

cysteine need to be introduced on the chitosan. The modification of chitosan proceeds 

through the amino groups at its C-2 position. First of all, chitosan-thioglycolic acid (TGA) 

derivative with % sulfur content of 4.54 wt% was obtained from Luna Innovations, Inc. 

(Charlottesville, VA). Several tests were done on this chitosan-TGA/blood mixture, but data 

were not shown in this research. Introducing iodoacetic acid into chitosan is performed by a 

previously described method,
107,108

 which is described in detail in the following section. This 

is the first reported synthesis of this derivative. 

 

2.2.1 Synthesis of CIA Derivative 

Chitosan (2 g) is dissolved in 1.0 wt % acetic acid (200 mL) to prepare 

chitosan/acetic acid solution of 1 % (w/v). In order to facilitate the reaction, 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide hydrochloride (EDAC HCl) (Sigma-Aldrich, 400 mg) as 
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a coupling agent is added to the chitosan solution. After EDAC is dissolved, iodoacetic acid 

(Sigma-Aldrich ≥99.0%, 2.4 g) is added and the pH is adjusted to 5.0 with 3N NaOH. The 

reaction mixture is stirred for 3 h at room temperature. After the reaction is completed, an 

excess amount of isopropanol is added to the mixture to precipitate the derivative. Then, the 

precipitate is filtered and dried in the vacuum desiccator at room temperature. The reaction 

scheme is shown in Figure 2-1. All chemicals were purchased from Sigma Aldrich.  

 

 

 

 

2.3 Characterization 

To measure the degree of deacetylation of the chitosan, conductometric titration, 

1
H-NMR, and FTIR were used. The molecular weight (MW) of chitosan was obtained by 

means of viscometric method using intrinsic viscosity and Mark-Houwink equation. The 

degree of substitution of amino groups of each chitosan derivatives at the C-2 position was 

elucidated by a series of characterization techniques of elemental analysis, FTIR, 
1
H-NMR, 

and conductometric titration, comparing to the control unmodified chitosan sample. 

Figure 2-1 Synthetic scheme of chitosan-iodoacetamide (CIA) by a reaction coupled with 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide hydrochloride (EDAC HCl). 

1. 1% CH3COOH aq. 

2. EDAC+ICH2COOH (pH5) 
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2.3.1 Conductometric Titration 

A known mass of dried chitosan sample (0.0935 g) and the prepared CIA derivative 

(0.0870 g) were respectively dissolved into 10 mL of 0.1 N hydrochloric acid (HCl) then 90 

mL of distilled water, and several drops of phenolphthalein as an indicator was added. Each 

solution was then titrated with a standard 0.1 N sodium hydroxide (NaOH) solution using a 

10-mL buret while the solution conductivity was monitored as a function of the volume of 

NaOH added with an Orion Benchtop Conductivity Meter (Model 162) equipped with an 

Orion Conductivity Cell (Model 013030). During the titration, the temperature of the solution 

was kept constant (25 ˚C) by using a water bath since the conductivity is a function of 

temperature.  

In a typical conductometric titration curve, there are two deflection points. The first 

deflection point corresponds to the neutralization of excess H
+
 ions of the strong acid, HCl.  

After all excess H
+
 ions are neutralized, then the neutralization of the weak acid, the 

ammonium salt in chitosan starts. After all of the ammonium is neutralized, the conductivity 

again goes up with a higher value of slope due to the excess OH
-
 ions of NaOH added, which 

is the second deflection point and the phenolphthalein turns pink. Thus, the range between 

the first and the second deflection points corresponds to the neutralization of the protonated 

amine groups of chitosan. Therefore, the number of moles of NaOH used between the first 

and the second deflection points equals the number of moles of amine groups of the chitosan 

sample.  The percent degree of deacetylation was calculated by the following equation: 
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where (v2-v1) is the difference in volume in mL between the two deflection points, MNaOH is 

the molarity (mol/L) of standard NaOH solution. 

 

2.3.2 FTIR Spectroscopy 

FT-IR is one of the useful techniques in polymer characterization. All IR spectra in 

this work were obtained by using a Nicolet 510P FT-IR spectrophotometer. The data 

collection parameters employed were as follows unless specified otherwise: Gain 1, 

Resolution: 4.0 cm
-1

, and Scans: 32. Sample solutions, including unmodified chitosan and its 

derivative, were cast to make films for analysis in the following way. A total amount of 20.0 

g of 2% (w/w) solution of CIA derivative and unmodified chitosan in 0.3 M acetic acid were 

prepared, respectively. These solutions were cast into 85 mm diameter petri dishes. They 

were allowed to evaporate at room temperature over two days. All of the films were easy to 

peel and remove from the dishes. 

Chitin and chitosan can be differentiated by IR peak analysis. There are two 

characteristic bands for amides: amide I corresponds to C=O stretching vibration at 1695-

1630 cm
-1

 and amide II corresponds to in-plane N-H bending vibration at 1650-1590 cm
-1

 for 

primary NH and at 1560-1500 cm
-1

 for secondary NH, respectively. Besides, the N-H 

stretches of amines appear in the region of 3300-3000 cm
-1

. In primary amines (RNH2), there 

are two bands in this region corresponding to the exiting two N-H stretches, the asymmetrical 
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N-H stretch and the symmetrical N-H stretch. Secondary amines (R2NH) show only a single 

weak band in the 3300-3000 cm
-1

 region, since they have only one N-H bond. Another band 

attributed to amines is observed in the region of 910-665 cm
-1

. This strong, broad band is due 

to N-H wag and is observed only for primary and secondary amines. In addition, the C–N 

stretching vibration of aliphatic amines is observed in the region 1250-1020 cm
-1

.  

Chitin shows amide I band (C=O stretch) and amide II band (secondary NH bending) 

at 1695-1630 cm
-1

 and 1560-1500 cm
-1

, respectively. Whereas, in highly deacetylated 

chitosan, amide I band disappears and primary NH bending band appears at 1650-1590 cm
-1

 

by the conversion of acetyl groups into amino groups. Therefore, this is often used to 

evaluate the degree of deacetylation of chitosan sample. 

 

 

2.3.3 Nuclear Magnetic Resonance (NMR) Spectroscopy 

1
H NMR is one of the simplest and most precise methods to determine the DD % of 

chitosan. Chitosan with a high MW does not give a good NMR spectrum due to its high 

viscosity. The MW of chitosan used in this study lies in the medium range of the molecular 

weight and 
1
H NMR was used to determine %DD. 

1
H NMR measurement was performed on 

a Varian Mercury 300 NMR spectrometer operating at 300 MHz for the 
1
H nucleus at room 

temperature for all samples. Chemical shifts for 
1
H NMR spectra were reported in δ (ppm), 

where increasing values indicates downfield shifts from an internal reference, 

tetramethylsilane (TMS) or 3-(trimethylsilyl)propionic 2,2,3,3,-d4 acid sodium salt (TSP) 
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was used. The solvent signals were as follows: D2O (Aldrich, 99.9 atom % D) 4.65 ppm and 

CD3COOD (Aldrich, 99.5 atom % D) 2.03 ppm, 11.53 ppm.  

A known amount of chitosan (5 mg) and CIA derivative (7 mg) were, respectively, 

dissolved in 0.765mL of 2% (v/v) CD3COOD/D2O solution and introduced into a 5 mm 

NMR tube. The degree of deacetylation was calculated based on the integral ratio of peaks by 

the following equation:
189

 

 

where ICH3 is the integral intensity of N-acetyl protons and IH2-H6 is the sum of integral 

intensities of H2,3,4,5,6, and 6’ protons (see Figure 2-3). 

 

2.3.4 Molecular Weight (MW) 

Although viscometry is not an absolute method for determining the MW of chitosan, 

it is one of the simplest and most rapid methods. The viscosity average molecular weight 

(Mv) of chitosan can be determined by the following Mark-Houwink equation, where [η] is 

intrinsic viscosity determined from a Huggins plot, and k and α are empirical coefficients that 

are dependent on the solvent systems, temperature employed, and the DD of chitosan. 

 

[η] = k Mv
α          

(Mark-Houwink equation) 

   

 
                     

(Huggins equation) 

%100
/6I

3/I
%100DD%
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[η] =             

 

where [η] is an intrinsic viscosity (mL/g), Mv is the viscosity-average molecular weight, k 

(mL/g) and α are empirical Mark-Houwink parameters, c is the concentration of solution 

(g/mL), ηsp is a specific viscosity, kH is the Huggins coefficient, respectively. 

 

Specific viscosity (ηsp) is calculated by using the following equation; 

 

ηsp = 
    

  
 

where t is a sample flow time and ts is a solvent flow time.  

 

A number of different values of k and α depending on different solvent systems can 

be found in a recent literature review.
190

 Wang et al.
191

 presented the dependence of k and α 

on the DD of chitosan when chitosan is dissolved in 0.2 M CH3COOH/0.1M CH3COONa 

aqueous solution at 30˚C: 

 

k = 1.64 × 10
-30

 × (%DD)
14

 

α = −1.02 × 10
-2

 × (%DD) + 1.82 

 

A known amount of dried chitosan was dissolved in 0.2M CH3COOH/0.1M 

CH3COONa aqueous solution and a series of dilute solutions were prepared. A Cannon®-
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Ubbelohde Viscometer (size 1, No. J437, Viscometer Constant = 0.01 mm
2
/s

2
) is loaded with 

10 mL of each solution. The ηsp was calculated by taking the average of five measurements 

for each concentration solution and ηsp/c is plotted against the concentration. 

 

2.4 Results and Discussion 

2.4.1 Determination of DD% of Chitosan (conductometric titration, FTIR, NMR) 

The IR absorption peaks of the Amide I band (C=O stretching of secondary amide) 

and the Amide II (NH bending of primary and secondary amides coupled with C-N stretching 

vibration) can be used for the qualitative evaluation of the deacetylation of chitosan. Figure 

2-2 shows the spectrum of the highly deacetylated chitosan.  
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In the IR spectrum of the deacetylated chitosan, there were evidences of high degree 

of deacetylation of pure chitosan due to the presence of characteristic absorption peaks for 

the primary amine. First, two N-H stretch bands were observed at 3350 cm
-1

 and 3288 cm
-1

. 

The peaks at 2931 cm
-1

 and 2883 cm
-1

 are assigned as C-H stretching vibration of CH, CH2, 

CH3. Also, a strong peak of the NH2 scissoring vibration was observed at 1546 cm
-1

. 

Moreover, a very weak absorption peak of C=O stretching vibration for the secondary amide 

(Amide I) was observed at 1631 cm
-1

, which is attributed to the N-acetyl groups and indicates 

that most acetyl groups at the C-2 position were almost completely changed to primary 

Figure 2-2 FTIR spectrum of the chitosan sample used in this study. 
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amino groups by alkali deacetylation. The strong peak at 1408 cm
-1

 comes from CH2 bending 

vibration and the weak peak at 1340 cm
-1

 indicates the CH3 bending of remaining acetyl 

groups. Moreover, several peaks were observed at 1251, 1151, 1073, and 1025 cm
-1

. The 

absorptions at 1251 cm
-1

 should be assigned as a C-N stretching coupled with N-H in-plane 

bending (Amide III). The absorption at 1073 cm
-1

 corresponds to the symmetric stretch of C-

O-C. This peak had a shoulder at 1151 cm
-1

 which also indicated the presence of C-O-C 

asymmetric stretch of ether bonds. The absorption at 1025 cm
-1

 was assigned to the C-OH 

stretch of C-6 of chitosan (primary OH) in the sugar ring.  

Subsequently, the evidence of the high deacetylation of chitosan can also be obtained 

by means of 
1
H NMR. Figure 2-3 shows the 

1
H-NMR spectrum of chitosan. The degree of 

deacetylation was calculated as follows: 

                                   = 100% - 
      

(                 )  
      

                                   = 96.18% 
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In the spectrum it is notable that the N-acetyl peak at 1.799 ppm is very small, which 

indicates that the chitosan is highly deacetylated (100% deacetylated chitosan will not show 

this peak).  The H1 and H2 appeared at 4.469 and 2.918 ppm, respectively.  The remaining 

protons, H3, 4, 5, and 6 appeared as a clustered signal between 4.0 and 3.5 ppm.
192

  Finally, 

we calculated the values of %DD of 96% for the chitosan sample used in this study. This 

high value of %DD is reasonable since this chitosan sample underwent the alkaline 

deacetylation twice. 

Figure 2-3 NMR spectrum of the chitosan sample used in this study. 

H3,4,6 
H5,6’ 

CH3 (acetyl) 

H2 

R = H or COCH3 
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The determination of %DD of chitosan was also attempted by the titration of 

chitosan/HCl solution conductometrically with NaOH solution. The titration curve is 

provided in Figure 2-4. Before the inflection point, the curve has a negative slope, which 

corresponds to the decrease in conductivity due to the neutralization of excess H
+
 of HCl by 

OH
-
 of NaOH. The slightly positive slope after the inflection point results from the 

neutralization of protonated amino groups on chitosan. The amount of NaOH used (9.35 mL 

– 3.90 mL = 5.45 mL) at the inflection point equals to the amount of NH3
+
 ions present on 

chitosan. Since the mole of 0.1N NaOH between the first and second inflection points is 

equivalent to the mole of NH3
+
 ions existed, the DD of chitosan can be calculated as 93.44 % 

in the following way: 

 

%DD = 
(     )( )      (

   

 
)                     ( 

        

   
)

                        ( )
     

                    = 
(         )

    
( )       (

   

 
)        (

 

   
)

      ( )
     

                      = 93.94 % 

 

 

In terms of the difference in %DD from NMR and conductometric titration, NMR 

data would be taken precedence due to their greater accuracy. The conductometric titration is 

susceptible since the conductivity is a function of temperature, also the data is dependent on 

the plot although it is technically useful to know the amount of amino groups charged. 
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Figure 2-4 Conductometric titration curve of the chitosan sample. 

 

 

2.4.2 Degree of Substitution (elemental analysis, FTIR, conductometric titration, NMR) 

The prepared samples of CIA derivative were preliminary subjected to an elemental 

analysis to determine the iodine content at Atlantic Microlab, Inc. (Norcross, GA). The 

results from the elementary analysis confirmed that iodine present in CIA derivatives varied 

from 4.41 wt% up to 10.38 wt%, indicating that the iodine content in the sample of 100 g is 

4.41 g-10.38 g. In this study, most of the experiments were done on the sample which 

contains 4.41 wt% of iodine. 

The degree of iodine substitution of amino groups of chitosan at the C-2 position is 

calculated in the following way: 
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4.41/126.91 (MW of iodine) = 0.03475 mole of I 

(100 – 4.41)/162.84 (MW of chitosan) = 0.5870 mole of average chitosan structural unit 

Here the molecular weight of chitosan sample is calculated, assuming %DD of 96%. Then,  

 

The mole ratio of iodine to chitosan = 0.03475/0.5870 = 0.05920 ≈ 0.06 ≈1/17 

 

Therefore, approximately, one amino group at C-2 position should be substituted by a 

iodoacetic acid moiety every 17 sugar rings of chitosan. 

 

The degree of substitution of amino groups into iodoacetic acid moiety at the C-2 

position of chitosan was also measured by conductometric titration.  The titration curve for 

CIA in HCl is provided in Figure 2-5. Before the first inflection point, the curve has a 

negative slope, which corresponds to the decrease in conductivity due to the consumption of 

excess acid. The positive slope after the second inflection point results from the excess 

NaOH added. As before, the amount of NaOH used between the two inflection points (13.41 

mL - 8.70 mL = 4.71 mL) equals to the amount of NH3
+
 ions present on the CIA. Comparing 

with the titration curve for unmodified chitosan in Section 2.4.1, the amounts of NaOH used 

for the neutralization of protonated NH3
+
 ions for CIA and unmodified chitosan were 4.71 

mL and 5.45 mL, respectively. Then the mole amount of amino groups present for each 

sample per gram is: 

 

Mole of amino groups present in 1 g of CIA 
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= 
(     )( )      (

   

 
)

                        ( )
 

= 

(    )

    
( )       (

   

 
)

      ( )
 

= 5.41 x 10
-3

 (mol)  

Mole of amino groups present in unmodified chitosan of 1 g 

  = 
(     )( )      (

   

 
)

                        ( )
 

  = 

(    )

    
( )       (

   

 
)

      ( )
 

  = 5.80 x 10
-3

 (mol) 

 

Then, the mole amount of –NH2 on chitosan that converted into –NHCOCH2I after the 

reaction with iodoacetic acid is calculated as 3.90 x 10
-4

 (mol) (= 5.80 x 10
-3

 – 5.41 x 10
-3

). 

Finally, the amount of iodine present in CIA is 4.95 x 10
-2

 (g) (= 3.90 x 10
-4

 (mol) x 126.91 

(g/mol)), and the weight percent of iodine content in1g of CIA, i.e., the value of degree of 

substitution, is 4.95 % (= 4.95 x 10
-2

 (g)/ 1 (g) x 100 (%)). This is consistent with the result 

from the elementary analysis, which is 4.41 %. 
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Figure 2-5 Conductometric titration curve of CIA derivative. 

 

 

Furthermore, the IR spectra of native chitosan and its derivative of iodoacetic acid 

derivative are shown in Figure 2-6.  The significant differences in spectra between the 

unmodified chitosan and CIA derivative are that CIA exhibits a single band at 3350 cm
-1

 that 

attributes to N-H stretching, a strong peak at 1630 cm
-1

 that attributes to C=O stretching of 

amides, and a strong N-H bending vibration band coupled with C-N stretching for secondary 

amides at 1570 cm
-1

. Also they show two peaks at 1395 cm
-1

 and 1380 cm
-1

.    The single N-

H stretching band at 3350 cm
-1

 indicates that the derivative has only one –NH, indicating the 

amino groups at C-2 position were substituted with iodoacetic acid moiety and changed into 

secondary amide. Also, the strong bands at 1630 cm
-1

 and 1570 cm
-1

 observed for the 

derivative would be assigned for the Amide I band and the Amide II band, respectively. On 
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the other hand, the native chitosan shows two N-H stretching bands at 3350 and 3288 cm
-1

, 

suggesting the presence of primary amine (-NH2). In addition, the chitosan sample shows 

only weak peak at 1631 cm
-1

 which is likely to come from C=O stretching of acetyl groups 

remained in this chitosan sample. Besides, the strong peak of primary NH2 scissoring 

vibration was observed at 1546 cm
-1

, which disappears in the spectrum of the derivative. 

In summary, the strong Amide I and Amide II bands demonstrate that the amide 

group was introduced into the chitosan sample after the reaction with iodoacetic acid through 

the substitution of amino group at C-2 position.  In addition, two peaks at 1395 cm
-1

 and 

1380 cm
-1

 would be assigned for CH2 and CH3 deformations.  Since native chitosan shows 

only one weak peak at 1340 cm
-1

 that attributes to CH3 deformation of –NHCOCH3, these 

two peaks also support the reaction of chitosan and iodoacetic acid at its C-2 position of 

chitosan, substituting –NH2 with –NHCOCH2I. 
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 Finally, the introduction of iodoacetic acid moiety into chitosan was also confirmed 

with 
1
H-NMR. The NMR spectrum of the CIA derivative and that of the unmodified chitosan 

are shown in Figure 2-7. As an evidence of the reaction, the methylene group in the 

iodoacetic acid moiety was observed as a very strong peak at 2.909 ppm. The H2 signal in 

the derivative appears at around 2.7 ppm and shifted to upfield compared to that in the 

unmodified chitosan, which appeared at 2.918 ppm. This would indicate that the electron 

density around the proton at C-2 increased because of the adjacent iodoacetyl group. Also, 

          Unmodified chitosan           

          CIA 

Figure 2-6 Comparison of the FTIR spectra between the unmodified chitosan and CIA derivative. 
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the peak appeared at 3.770 ppm should be assigned to protons on unreacted iodoacetic acid 

(ref. the spectrum of iodoacetic acid in Figure 3-5). 

 

 

 

 

 

 

Figure 2-7 NMR spectrum of the CIA sample. The inset shows NMR spectrum of the unmodified 

chitosan sample. 

 

H3,4,6 

H5,6’ 

CH3 

H2 

-CH2- 

R= COCH2I, H, or COCH3 
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2.4.3 Derivatives with Different Substitution Ratio 

In this study, the CIA derivative with iodine content of 4.4 wt% was used since this 

sample showed good blood gelation. Several batches with different degree of introduction of 

iodoacetic acid residue into chitosan were obtained as before. The iodine content in each 

batch was determined by elemental analysis at Atlantic Microlab, Inc. The analysis is 

performed by flask combustion followed by ion chromatography with duplicate tests. The 

degree of iodoacetyl substitution varies from 4wt% to 10 wt%, as summarized in Table 2-1. 

Comparing the IR spectrum of the unmodified chitosan with those of CIA derivatives in 

Figure 2-8 and 2-9, C=O stretching vibration coupled with N-H bending vibration of the 

secondary amide, which is known as the Amide I band, at 1630 cm
-1

 can be observed for the 

CIA derivatives, which is hardly seen for the chitosan spectra. Also, a very strong absorption 

at 1546 cm
-1

 due to the NH2 scissoring vibration for primary amines is observed for the 

chitosan while it disappears for the derivatives. Moreover, the N-H stretching band exhibits a 

doublet peaks at around 3300 cm
-1

 for the chitosan, while it exhibits a single peak for the 

three CIA derivatives. These results clearly indicate that carbonyl groups were introduced 

into the derivative after the reaction with iodoacetic acid by forming the amide bond between 

the amino groups of the chitosan as assumed. As a result, the primary amine groups turned to 

be the secondary amide. 

Furthermore, the Amide I band becomes stronger with the increase in the iodine 

contents, while the NH2 scissoring band becomes weaker in the same way (Figure 2-10).  

There are few differences in the spectra for the derivatives with the iodine contents of above 



 

60 

9 wt%, suggesting the limitation of introduction of iodoacetic acid compound under this 

synthesis procedure.  

 

 

 Table 2-1 Summary of iodine contents for several different CIA batches obtained by elemental analysis 

# of batch 1 2 3 4 5 

Iodine content 

(wt%) 

4.33 4.48 6.20 6.09 9.43 9.33 10.44 10.32 9.30 9.14 

Average (wt%) 4.41 6.15 9.38 10.38 9.22 

  The error limit is ± 0.3% for both accuracy and precision. 
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Figure 2-8 FTIR spectra for the unmodified chitosan and several different CIA derivatives. 

 

 

 
Figure 2-9 FTIR spectra for the unmodified chitosan and several different CIA derivatives, which is 

expanded between 2500cm
-1

 and 1200 cm
-1

. 
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Figure 2-10 IR spectra of the CIA derivatives with three different iodine contents. 
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2.4.4 Molecular Weight 

As a result of the polyelectrolyte nature of chitosan in a dilute aqueous acid, the linear 

charge density along the chitosan chain increases with the increase in %DD, which results in 

a gradual increase in intrinsic viscosity due to the coil expansion between electrostatically 

repelled segments. The intrinsic viscosity [η] was determined by extrapolating the linear 

regression of plots of ηsp/c versus c, to zero concentration, where c is concentration of 

chitosan solution (g/mL) (Figure 2-11 and Table 2-2).  

The DD obtained by 
1
H NMR was used to calculate k and α, which were used 

together with [η] to calculate Mv of chitosan using the Mark-Houwink equation. The average 

molecular weight was confirmed to be M = ([η]/k)
1/α

 ≈ 312000, using the Mark-Houwink 

equation, [η] = k Mv
α
, where k = 1.64 x 10

-30
 x (%DD)

14
 = 9.51 x 10

-3
 mL/g and α = -1.02 x 

10
-2

 x (%DD) + 1.82 = 0.84 , and the [η] = 392 mL/g. The properties of chitosan are provided 

in Table 2-3. As a result of the alkaline treatment, a highly deacetylated chitosan with low 

MW was obtained. The deacetylated chitosan will be used for the synthesis. 

 

Table 2-2 Scheme of intrinsic viscosity measurement for the chitosan sample 

C (g/mL)  0 (solvent)  0.002300  0.001150  0.0007667 

Time (sec)  114  251  174  152 

ηsp    1.2018  0.5263  0.3333 

ηsp/c (mL/g)    522.50  457.67  434.78 
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Figure 2-11 Huggins plot of ηsp/c vs. c for the chitosan in 0.2M CH3COOH/0.1M CH3COONa aq. 

solution. 

 

 

 

 

 

 
Table 2-3 Properties of the chitosan sample 

Results  %DD  k   α [η] Mv 

Chitosan 96.18 9.51x10
-3

  0.84 392 312000 
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2.5 Conclusion 

In this chapter, the original chitosan sample, first, was characterized in terms of its 

degree of deacetylation and molecular weight. The degree of deacetylation is an important 

parameter that strikingly influences the chemical and physical properties of chitosan due to 

the protonation/deprotonation of the introduced amino group in response to the external pH 

environment. The chitosan sample used in this study was determined to have %DD of 96% 

based on 
1
H-NMR, FTIR, and conductometric titration. Also, the molecular weight of this 

chitosan was determined as approximately 312 kDa by the viscometric method. 

Next, the CIA derivative was synthesized in order to introduce a moiety that 

potentially reacts with the free thiol of cysteine that exists in blood proteins. Several tests 

were done to characterize the prepared derivative, including 
1
H-NMR, FTIR, elemental 

analysis, and conductometric titration. NMR and FTIR data successfully demonstrated that 

the iodoacetic acid moiety was introduced into the chitosan through the reaction between 

amino group at C-2 position of chitosan and carboxyl group of iodoacetic acid. The 

elemental analysis showed that the degree of substitution was in the range of 4 wt% to 10 

wt%, which the conductometric titration result supported. Several different CIA derivatives 

with different substitution ratio were studied on their effect on the gelation of blood proteins. 

At present, the sample with the substitution ratio of 4% shows the maximized effect on blood 

gelation (the detail was discussed in Chapter 4).  

The degree of substitution was varied even if chitosan and iodoacetic acid were 

reacted with the constant concentrations. The future work would address the control of the 

substitution ratio. The key for this synthesis would be to increase the reactivity of carboxyl 
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group of iodoacetic acid against amino group of chitosan. EDAC was used to activate 

carboxyl group in this study. Some investigated the action of EDAC in different pH 

environment. In terms of this, the optimum solution pH would need to be determined to 

maximize the reaction between chitosan and iodoacetic acid. In contrast, the higher degree of 

substitution would not necessarily bring in the more effective gelation behavior with blood, 

as it will eventually insolubilize CIA in water.  
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CHAPTER 3 

3 Reactivity of Iodoacetic acid and Cysteine 

Reacting groups that are able to couple with sulfhydryl-containing molecules are one 

of the common functional groups present on crosslinking or modification reagents. The 

thiolated polymers or the so-called thiomers exhibit improved mucoadhesive properties by 

forming covalent disulfide bonds with the mucus layer. Based on a simple oxidation process 

between free thiol groups and/or thiol/disulfide exchange reactions, disulfide bonds are 

formed between cysteine-rich subdomains of mucus glycoproteins and such thiomers, 

building up the mucus gel layer.
194

 For example, chitosan-thioglycolic acid (TGA) and 

polycarbophil-cysteine conjugates have been reported to display more than four-fold higher 

and more than two-fold higher adhesive properties on freshly excised intestinal mucosa than 

the corresponding unmodified polymers, respectively.
195,196

 Thus, the formation of the 

covalent crosslinking between thiolated chitosan derivatives and cysteine in the blood protein 

with (di)sulfide interactions may result in a novel hemostatic approach, establishing the 

gelation of the blood at the site of injury. Moreover, the introduction of the other moieties but 

thiols that interact with cysteine into chitosan would be another candidate. 

Iodoacetic acid is an irreversible inhibitor of all cysteine peptidases with the 

mechanism of inhibition occurring from alkylation of the catalytic cysteine residue according 

to the equation: 

R-SH + ICH2 COOH → R-SCH2 COOH + HI 

Iodoacetyl derivatives can react with a number of functional groups within proteins: the 
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sulfhydryl group of cysteine, both imidazolyl side chain nitrogens of histidine, the thioether 

of methionine, and the primary ε-amine group of lysine residues and N-terminal α-amines.
197

 

The relative rate of reaction with each of these residues is generally dependent on the degree 

of ionization and thus the pH at which the modification is done. Generally, the relative 

reactivity of α-haloacetates toward protein functionalities is sulfhydryl > imidazolyl > 

thioether > amine. Among halo derivatives, the relative reactivity is I > Br > Cl > F, with 

fluorine being almost unreactive. Thus, iodoacetate has the highest reactivity toward 

sulfhydryl cysteine residues and the alkylation of cysteine sulfhydryls has previously been 

reported to give the carboxymethylcysteinyl derivative.
198

 

 

3.1 Background of Reaction between Iodoacetic acid and Cysteine Sulfhydryls 

The reaction between iodoacetic acid and sulfhydryl compounds was first reported in 

the 1930s’. Dickens
199

 has shown that this reaction proceeds through the substitution of a 

carboxymethyl group (-CH2-COOH) of iodoacetic acid for the hydrogen of the thiol group 

with the formation of HI. Smythe et al.
200

 has measured the rate of reaction of iodoacetic acid 

with various sulfhydryl compounds by estimation of the carbon dioxide change in a CO2-

bicarbonate buffer as a result of the HI produced (Figure 3-1, Table 3-1
200

).  
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Figure 3-1 The rate of reaction of iodoacetate and of iodoacetamide with various sulfhydryl groups at pH 

6.1 and 28°C. The amount of -SH present was 0.2 cc. of a 0.1 M solution in each case and the amount of 

iodo compound 0.2 cc. of a 0.5 M solution. The total volume was 1.4 cc.  represents thiosalicylic acid 

and iodoacetamide;  represents thiosalicylic acid and iodoacetate; ▲ thioglucose and iodoacetamide; △ 

thioglucose and iodoacetate; ■ cysteine and iodoacetamide; □ cysteine and iodoacetate; ● glutathione and 

iodoacetamide; ○ glutathione and iodoacetate; ⊕ thioglycol and iodoacetamide; + thioglycol and 

iodoacetate.
200
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Table 3-1 Reactions of –SH Compounds with Iodo Compounds
200

 

 
 

 

Rapkine
201

 showed that iodoacetic acid may react not only with the sulfhydryl groups of 

relatively simple molecules, such as cysteine and glutathione, but also with those of proteins. 

Subsequently, Rapkine
201

 and Mirsky and Anson
202

 found that iodoacetic acid might react 

with only a portion or with none of the sulfhydryl groups of native proteins, as evidenced by 

the continued presence of part or all of the original protein cysteine in the protein hydrolysate 

after the reaction. They reported that denaturation of the protein causes all of the sulfhydryl 

groups to be capable of interaction with iodoacetic acid, resulting in no free cysteine left in 

the protein hydrolysate after the reaction.
202

 In these experiments, iodoacetic acid was reacted 

with coagulated denatured egg albumin, revealing that 3 hours were required for the 

completion of the reaction. Later, Rosner
203

 carried out the reaction of iodoacetic acid with 

heat- (urea-) denatured egg albumin at pH 7.3 (0.01 N KOH), and confirmed an initial sharp 
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rise in the formation of iodide is mainly a result of the reaction between the iodoacetic acid 

and the thiol groups of the denatured egg albumin. This initial rapid iodide production lasted 

no longer than 10 minutes, followed by the continued slower rate of iodide production that 

possibly results from the reaction of iodoacetate with amino groups of the denatured egg 

albumin,
204

 as shown in Figure 3-2.
203

 Furthermore, it is of interest that when a solution of 

native egg albumin was tested in the same manner, no iodide was found at the end of a 5 h 

period. This indicates that not only the sulfhydryl but all of the groups in the native egg 

albumin are non-reactive toward iodoacetate.  

 

 

 
Figure 3-2 The production of iodide upon reaction of iodoacetic acid with denatured egg albumin at pH 

7.3. The iodide is expresses in terms of its equivalent percent cysteine of the total weight of egg albumin. 

Curve A: heat-denatured egg albumin which was treated with iodoacetate immediately following 

denaturation; Curve B: heat-denatured egg albumin which was treated with iodoacetate after standing 4 

hours following denaturation; Curve C: urea-denatured egg albumin which was treated with iodoacetate 

after 1 hour in urea solution; Curve D: urea-denatured egg albumin which was treated with iodoacetate 

after 20 hours in urea solution.
203
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Furthermore, the interesting observation of Greenstein
205

 is that denaturation of egg 

albumin by urea, guanidine, and various derivatives causes markedly greater initial iodide 

production than that given by heat-denatured egg albumin. In addition, they demonstrated 

that the characteristics of urea-denaturation as compared with that of heat-denaturation is that 

it makes a greater number of thiol groups, as well as other groups, available for the reaction 

with the iodoacetic acid. Therefore, if iodoacetic acid is present in limiting quantities, relative 

to the number of sulfhydryl groups present, and at slightly alkaline pH, cysteine modification 

will be the exclusive reaction. This gives us a possibility that chitosan modified by iodoacetic 

acid derivatives would crosslink with the blood plasma protein that contains cysteine at the 

biological pH range of ~7.4 and form the three dimensional gel network, resulting in the 

gelation of blood. 

 

3.2 Sulfhydryl and Disulfide Groups of Proteins 

In general, native proteins have few, if any, free sulfhydryl and disulfide groups, 

while denatured proteins have a number of such groups corresponding to the total number of 

cysteine and cysteine groups existed in the protein. Serum albumin treated with acid acetone 

(an effective denaturing agent) or trichloracetic acid has the number of free sulfhydryl and 

disulfide groups that is a characteristic of a denatured protein.
206

 Mirsky and Anson
202

 

described the methods for estimating quantitatively the sulfhydryl (SH) and disulfide (S-S) 

groups available in proteins, using the reaction between iodoacetic acid and cysteine. They 

developed two independent methods. In the direct method, the SH groups are oxidized by 
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cystine, which is a dimer formed from the oxidation of two cysteine residues by a disulfide 

bridge. After oxidization, the formed cystine is, then again, reduced to cysteine. Thereby the 

number of free SH groups in the protein is estimated by measuring the amount of newly 

formed cysteine. (Cystine oxidizes all SH groups and no other groups in the protein.) In the 

indirect method, SH groups are first eliminated by a treatment with iodoacetic acid. The 

protein is then hydrolyzed, the existed SH groups is estimated by comparing its total cysteine 

content with that of untreated protein. Also, the number of S-S groups in unhydrolyzed 

protein is estimated by the increase in number of SH groups caused by reducing the S-S 

groups to SH with thioglycolic acid (HSCH2COOH). 

Seen from Figure 3-2, groups other than sulfhydryl produce iodide with iodoacetic 

acid as a linear function of time. If the non-sulfhydryl iodide is extrapolated to zero time, a 

value for the iodide formed from the reaction of the sulfhydryl groups and iodoacetic acid is 

obtained. Assuming all of these sulfhydryl groups to be part of the cysteine moiety of the 

protein molecule, Rosner
203

 estimated the cysteine content in the protein. This method gives 

a value of available cysteine of 0.55% in heat-denatured egg albumin (average of ten 

determinations with a range of 0.53 to 0.57% cysteine). This result is in good agreement with 

those reported by Mirsky and Anson, 0.56 to 0.61 %.
202

 In the same way, they reported the 

much higher content of SH groups in the denatured serum albumin of 4.57 to 4.85%.
202 

Also, 

they found a value of available cysteine in urea-denatured egg albumin of 0.87%,
203

 

confirming the previous finding
205

 that the greater increase in availability, not only of 

sulfhydryl groups but of other iodoacetate reacting groups, in urea-denatured egg albumin 

than in heat-denatured egg albumin. Finally, one more interesting finding is that the thiol 
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groups in the denatured egg albumin, both heat- and urea-denatured, are quite labile. If the 

denatured egg albumin was permitted to stand for a few hours at pH 7.3 before being treated 

with iodoacetate, the cysteine content calculated was markedly decreased compared to that 

was immediately treated with iodoacetate.
203

 This disappearance of sulfhydryl groups does 

not represent a reversal of the denaturation of egg albumin, it probably indicates their 

oxidation. 

 

3.3 Materials and Methods 

3.3.1 
1
H NMR spectroscopy 

The reaction between L-cysteine and iodoacetic acid was first tested through 
1
H NMR. 

A known amount of L-cysteine (Sigma bioreagent ≥ 98%, 5 mg) and iodoacetic acid (Sigma-

Aldrich ≥ 99.0%, 7.67 mg) were dissolved in 0.75mL of D2O (Aldrich 99.9 atom %D) and 

introduced into a 5 mm NMR tube, respectively. Also, L-cysteine (5 mg) in 0.75 mL D2O 

and iodoacetic acid (7.67 mg) in 0.75 mL D2O were mixed for 30 minutes at room 

temperature and then 0.6 mL from the mixed solution were introduced into 5 mm NMR tube. 

1
H NMR measurement was performed on a Varian Mercury 300 NMR spectrometer 

operating at 300 MHz for the 
1
H nucleus in 16 scans at room temperature for all samples. 

Chemical shifts for 
1
H NMR spectra were expressed in δ (ppm) downfield from the signal for 

3-(trimethylsilyl)-2,2’,3,3’,-tetradeuteropropionic acid (TSP-d4), the internal reference. The 

solvent signal was as follows: D2O, 4.65 ppm.  
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3.3.2 Liquid Chromatography-Time of Flight Mass Spectrometry (LC-TOF)/MS 

A 0.1 M iodoacetic acid aqueous solution of 0.75 mL was prepared. The solution pH 

was raised to 8.5 by 0.1N NaOH (The pH was kept as it is for a control). The solution was 

stored in cool darkness. Next, 0.05 M L-cysteine aqueous solution of 0.75 mL was prepared 

in a vial. The vial was wrapped in aluminium foil and then the iodoacetic acid solution was 

added dropwise with stirring. The reactant was incubated in the dark for 30 minutes at 37˚C 

water bath. 

The high resolution (≥ 10,000 R FWHM) exact mass measurement of the sample was 

made using Electrospray Ionization (ESI) on an Agilent Technologies (Santa Clara, 

California) 6210 LC-TOF mass spectrometer. Samples were diluted in water and analyzed 

via a 1μL flow injection at 300 μL/min in a water: methanol mixture (25:75) (v:v) with 0.1% 

formic acid. The mass spectrometer was operated in positive-ion mode with a capillary 

voltage of 4 kV, nebulizer pressure of 35 psig, and a drying gas flow rate of 12 L/min at 

350˚C. The fragmentor and skimmer voltages were 130 and 60 V, respectively. Reference 

ions of purine at m/z 121.0509 and HP-0921 at m/z 922.0098 were simultaneously introduced 

via a second orthogonal sprayer, and used as internal calibrants.  

Mass spectra were obtained at the NCSU Department of Chemistry Mass 

Spectrometry Facility. Funding was obtained from the North Carolina Biotechnology Center, 

and the NCSU Department of Chemistry. 
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+ + 

3.4 Results and Discussion 

3.4.1 Reactivity between Iodoacetic acid and Cysteine from 
1
H-NMR 

The reaction between iodoacetic acid and free thiol groups of cysteine is crucial for 

this work (Figure 3-3).  

 

 

 

 

 

 

1
H-NMR can be useful to demonstrate the reaction between these two functional 

groups. The two carbon-protons of iodoacetic acid have a specific peak. The signal of these 

protons should be shifted after the reaction with L-cysteine since an iodine atom from 

iodoacetic acid should be replaced with a sulfur atom from L-cysteine after the reaction. The 

iodoacetic acid and L-cysteine themselves can be used as controls.  

Figure 3-4 and 3-5 are the 
1
H-NMR spectra of L-cysteine and iodoacetic acid, 

respectively. In Figure 3-4, the peak at 3.779 ppm is assigned to H1 in L-cysteine. Since the 

adjacent carbon has two hydrogen atoms, H1 peak appears as a triplet. The peaks of -CH2- 

(H2 and H2’) appear as clustered signals at around 2.8 ppm. Generally, a proton on –CH2- is 

shifted upfield (low chemical shift) than that of a proton on –CH- due to higher electron 

Figure 3-3 Scheme of reaction between L-cysteine and iodoacetic acid. 
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density. Next, Figure 3-5 shows the spectrum of iodoacetic acid. The peak of -CH2- (H3, 

H3’) in iodoacetic acid appears at 3.576 ppm. The frequency was shifted downfield (high 

chemical shift) due to the two adjacent electron withdrawing groups, carboxyl group and 

iodine. Figure 3-6 shows the NMR spectrum of the product between L-cysteine and 

iodoacetic acid. In the spectrum, the peak of –CH2- from the iodoacetic acid moiety was 

shifted slightly upfield from 3.576 ppm to 3.544 ppm, compared to that which appeared in 

the iodoacetic acid spectrum (Figure 3-5). The two compounds would bond via a sulfur 

linkage, removing HI. It could be considered that the –CH2- group in iodoacetic acid lies next 

to iodine which is a strong electronegative atom and, thus, its NMR frequency appears at a 

higher chemical shift. The reaction with L-cysteine removed the iodine from the structure, as 

a result, made it shift slightly upfield. Furthermore, the integration gives us additional 

information. The integration reveals the relative numbers for the different hydrogens in the 

molecule. There are supposed to be three different kinds of hydrogens in the product if L-

cysteine and iodoacetic acid successfully react with one another, which are H1 and H2, 2’ 

from L-cysteine residue and H3, 3’ from iodoacetic acid residue. As seen in Figure 3-6, the 

ratio of H1 to (H2 and H2’) to (H3 and H3’) turned out to be 1: 2: 2 (18.02: 38.58: 43.40), 

which supports the predicted product structure.  

Nevertheless, there still is a possibility that this spectrum reflects the presence of 

unreacted L-cysteine or unreacted iodoacetic acid in a mixed solution since 
1
H NMR was 

done on the reaction mixture solution, not on the separated product. The reactivity between 

these two, therefore, was investigated by Mass Spectrometry in the following section. 
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Figure 3-4 
1
H NMR spectrum of L-cysteine. 
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Figure 3-5 
1
H NMR spectrum of iodoacetic acid. 
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Figure 3-6 
1
H NMR spectrum of the reaction mixture between L-cysteine and iodoacetic acid. 
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3.4.2 Reactivity between Iodoacetic acid and Cysteine from Mass Spectrometry (MS) 

Since 
1
H NMR was not enough to prove the reaction between L-cysteine and 

iodoacetic acid, Liquid Chromatography-Time of Flight (LC-TOF)/MS was used to obtain a 

strong evidence of the reaction between these two compounds. The two compounds were 

reacted at slightly basic aqueous solution in dark at 37˚C because the thiol group has pKa 

value of ~8 and the iodoacetyl group is light sensitive. The theoretically calculated molecular 

weights of each compound are: L-cysteine (C3H7NO2S, MW 121.16), iodoacetic acid 

(C2H3O2I, MW 185.95), and their derivative (C5H9NO4S, MW 179.19). After 30 minutes 

reaction, a clear and colorless solution was obtained. This solution was submitted to LC-

TOF/MS. The results are summarized in Table 3-2. Also, Figure 3-7 shows the LC-TOF 

spectra of the resulting product between L-cysteine and iodoacetic acid. A clear peak for the 

targeted reaction product is observed at m/z 180.0322. This suggests the presence of the 

targeted product of C5H9NO4S ([M+H]
+
 C5H10NO4S). The peak at m/z 241.0307 is assigned 

to cystine (C6H13N2O4S2, MW 241.32) that is a dimer of cysteine, indicating some cysteine 

molecules linked each other through disulfide linkage. Since the pKa of alkyl thiols is in the 

range of 8 to 10,
138

 the reactivity of free thiol groups in L-cysteine was high and caused 

intermolecular disulfide linkage at this pH 8.5 although the reaction with iodoacetic acid was 

still dominant. The rest of the weak peaks are assigned to the fragments due to the 

breakdown of the product, also unreacted  iodoacetic acid and L-cysteine, and resulting HI 

(MW 127.91). It is reasonable to consider that excess iodoacetic acid should remain in the 

sample solution because L-cysteine and iodoacetic acid was mixed in molar ratio of 1:2.  The 

obtained data clearly proved that the free thiol group in L-cysteine reacts with iodoacetic acid. 
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The predicted reaction scheme that occurs between iodoacetic acid and L-cysteine was 

shown in Figure 3-8. 

 

 

 

 
Table 3-2 Summary of the results obtained from mass spectrometry at pH 8.5 
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Figure 3-7 Mass spectrum of the reaction product between L-cysteine and iodoacetic acid at pH 8.5. 

 

 

 

 

 
Figure 3-8 The predicted reaction scheme between iodoacetic acid and L-cysteine based on the results of 

MS. 
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As mentioned above, the reaction between iodoacetic acid and L-cysteine requires 

alkaline condition since the sulfhydryl group has the pKa value in the range of 8-10. Here we 

further studied how much the reaction proceeds at physiological condition (~pH7.4). The 

same experiment was carried out except the pH was not raised, and the reacted solution was 

analyzed by LC-TOF. The results are shown in Table 3-3 and Figure 3-9. As seen, the results 

confirm the formation of the targeted product of C5H9NO4S ([M+H]
+
 C5H10NO4S) at m/z 

180.0320. At the same time, this peak did not predominate compared to that obtained at pH 

8.5, indicating the reactivity between iodoacetic acid and L-cysteine was slightly reduced. 

Also, some cystine (C6H13N2O4S2) formation is seen at m/z 241.0310 as well. The second 

largest peak at m/z 230.8882 is assigned to be a fragment ion of cystine dimer. All other 

peaks are considered as the breakdown weight loss of the targeted product, excess iodoacetic 

acid, cystine, or impurities. These give us further information that the free thiol group of 

cysteine selectively reacts with iodoacetic acid in the alkaline environment, however, it has 

some reactivity in physiological solution of pH 7.4 as well. Furthermore, the obtained data 

explains previous studies that the reactions between iodoacetic acid (or iodoacetamide) and 

sulfhydryl compounds go faster at pH 7.1 than at pH 6.1 (ref. Table 3-1).
200 

 

The pH of blood is 7.35-7.45. The obtained results support the iodoacetic acid 

derivative system can interact with cysteine in the blood protein at physiological condition. 
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Table 3-3 Summary of the results obtained from mass spectrometry at pH 7.4 

 
 

 
 

 

 
Figure 3-9 Mass spectrum of the reaction product between L-cysteine and iodoacetic acid at pH 7.4. 
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3.5 Conclusion 

Iodoacetic acid is known as an irreversible inhibitor of all cysteine peptidase by 

causing alkylation of the cysteine residue. This reaction mechanism was adopted for this 

study in order to explore the possibility to create sulfide links between a chitosan derivative 

and the cysteine residue sulfhydryl groups that exist in blood serum proteins. This chapter 

focuses on the reaction between iodoacetic acid and L-cysteine and addressed the evidence of 

the reactivity of the two compounds. 
1
H NMR and Mass Spectrometry were applied for this 

purpose. 
1
H NMR was not sufficient to determine that the reaction occurred since the two 

compounds bond one another through a sulfur and the protons from each compound did not 

interact. 
13

C NMR would be worth trying, it could give us additional useful information to 

prove the reaction. Also, 
1
H NMR test on a product between iodoacetic acid and other amino 

acid that does not contain sulfhydryl group can be used as a control. 

The reaction was, furthermore, studied by MS. It successfully demonstrated that L-

cysteine and iodoacetic acid react, releasing HI and cysteine alkylation occurred. In addition, 

two different pH conditions were attempted to find the appropriate condition that maximizes 

the reaction between iodoacetic acid and L-cysteine, and what is more, the reaction between 

CIA derivative and sulfhydryl groups in the blood proteins. The alkaline condition caused a 

higher reactivity between iodoacetic acid and cysteine, nevertheless, we can still expect a 

sufficiently high reactivity even at physiological condition.  
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CHAPTER 4 

4 Rheology and Gelation of Chitosan-iodoacetamide (CIA) and blood 

As polymers undergo crosslinking in solution, they undergo a phase transition from 

liquid to solid at a critical extent of reaction. This phenomenon is called gelation.
207

 Gels 

consist of a solid three-dimensional crosslinked network that spans the volume of a liquid 

medium inside the network. Thus, gels are mostly liquid, but they behave like solids due to 

their three-dimensional crosslinked network within the liquid medium, depending on time 

scale, temperature, or applied stress. For example, the gel shows elastic response like a solid 

for quick deformation or at low temperature, on the other hand, the gel behaves more like a 

liquid for slow deformation or at high temperature. Such behavior may be described as 

viscoelasticity for the solution or the elastoviscous solid. Gels are divided into chemical gels 

which are linked by covalent bonds and cannot undergo the reversible sol-gel transition by 

changing the temperature or applied stress, and physical gels which are linked through weak 

forces, such as hydrogen bonds, van der Waals interaction, hydrophobic interactions, or 

electrostatic interactions and undergo reversible sol-gel transition by changing temperature 

and pressure.  

Its cationic character, ease of chemical modification and gel forming ability make 

chitosan a promising candidate for tissue engineering scaffolds, drug delivery vehicles, or 

wound dressings. Gelling of chitosan is caused by the formation of physical or chemical 

three-dimensional crosslinking networks. The formation of covalent crosslinking of chitosan 

with glutaraldehyde has been widely studied.
208-210

 Researchers have proposed the detailed 
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mechanism for the crosslinking reaction between glutaraldehyde and chitosan.
211-214

 In recent 

years, thiolated chitosan derivatives have been getting attentions as a new generation of 

mucoadhesive polymers since they are capable of establishing much stronger mucoadhesion 

than existing non-covalent mucoadhesion approaches, based on the formation of the covalent 

disulfide crosslinkings.
106-136

 As described earlier, thiolated chitosan derivatives have 

attractive potential as mucoadhesive biomaterials that can be the bridging structure with 

cysteine-rich subdomains of mucus glycoproteins, building up the mucus layers through the 

disulfide crosslinkings. Also, they are capable of self-gelling through the formation of inter- 

and intramolecular disulfide crosslinkings. The purpose of this chapter is to study the 

gelation of blood plasma protein, especially focusing on cysteine in the plasma, when mixed 

with the chitosan derivative solutions. This gelation would be caused by the interaction 

between cysteine-specific moieties in the chitosan derivatives and cysteine residue in the 

blood plasma proteins, followed by the formation of three dimensional crosslinking network 

that mimics the natural fibrin crosslinked mesh. 

 

4.1 Introduction to Rheology 

Rheology attempts to quantify the way a material deforms when forces are applied, or 

is a measure of the resistance of a fluid to flow. Generally, the rheological properties can be 

studied by measuring either the deformation resulting from a stress induced by an applied 

force on the sample or the force required to obtain a certain amount of deformation. Ideal 

solids deform elastically, where the deformation is fully recovered when the stress is 
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removed. On the other hand, ideal liquids deform irreversibly, where the deformation cannot 

be recovered, even upon the removal of the applied stress. Viscoelastic materials, such as 

polymers, show both solid- and liquid-like response when a stress is applied. (Figure 4-1)  

 

 

 

  

 

 

 

Figure 4-1 Creep responses for an ideal elastic solid, an ideal viscous liquid, and two different viscoelastic 

materials. A stress is applied to each sample at t=0 and is removed at t=tend. Ideal solid recovers from the 

deformation perfectly after stress is removed. Ideal liquid cannot go back to the original state even after 

stress is removed. Viscoelastic materials show delayed recovery of deformation. 

 

 

 

The fluid whose stress is linearly proportional to shear rate, i.e., the viscosity is 

constant over the entire shear rate range, is called a Newtonian fluid. The viscosity of an 

ideal liquid is defined as the ratio of the shear stress to the shear rate;  

 

 ̇
 = μ = constant 

Ideal viscous liquid Viscoelastic liquid 

and solid 
Ideal elastic solid 
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where σ is the shear stress, μ is the viscosity of the material, and  ̇ is the shear rate. 

 

Materials which cannot be defined by a single viscosity at a specified temperature are 

called non-Newtonian. The viscosity of these materials changes, corresponding to 

temperature and shear rate. Solution viscosity also depends heavily on both the size and 

concentration of the polymer molecules in solution. For these non-Newtonian fluids, the 

relationship between the shear stress and the shear rate is described as: 

 

 ̇
 = η 

where σ is the shear stress, η is the apparent viscosity, and  ̇ is the shear rate. 

 

In general, polymer solutions exhibit a Newtonian plateau at low shear rates, where the 

viscosity is independent of shear rate. At higher shear rates, a non-Newtonian region appears.  

For example, pseudoplastic polymer solutions show the shear thinning behavior, that the 

viscosity decreases as a function of shear rate, while dilatant polymer solutions show the 

shear thickening behavior that the viscosity increases as a function of shear rate, as seen in 

Figure 4-2. The power law is the empirical model that describes the change in viscosity with 

the shear rate: 

  = k  ̇  

or 

η = k  ̇    
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if 
 

n   1 Shear thinning 

n = 1 Newtonian 

n  1 Shear thickening 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

Figure 4-2 A typical viscosity versus shear rate plot for Newtonian fluids and non-Newtonian fluids, 

including pseudoplastic fluids (shear thinning) and dilatant fluids (shear thickening). 

 

 

The viscoelastic materials have a stress relaxation time, that is, it takes time for a 

material to adjust to applied stresses or deformations, and is the inverse of the shear rate. The 

Deborah number (De) is defined as the ratio of the relaxation time to a characteristic time 

scale of deformation: 

De = tc/tp   

 

where tc refers to the stress relaxation time and tp refers to the process time. De incorporates 
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both the elasticity and viscosity of the material. When De >> 1, the material behaves like an 

ideal elastic solid, while if De << 1, then the material behaves like a purely viscous liquid. 

Moreover, there are some time-dependent viscoelastic behaviors including thixotropy and 

rheopexy. Thixotropy is defined as the decrease in the viscosity of certain gels and fluids that 

are viscous at rest over time when shaken, agitated, or otherwise stressed. On the other hand, 

rheopexy is the increase in the viscosity or even solidification under constant shear stress 

over time, which is much less common.   

Rheometers are instruments that measure the rheological response of solids, semi-

solids, and liquids. There are both shear and extensional rheometers, corresponding to a 

stress or strain that is applied to the material, which can be a shear stress/strain or an 

extensional stress/strain, respectively. Shear rheometers can be further classified into a strain-

controlled rheometer that measures stress resulting from applied strain and a stress-controlled 

rheometer that measures strain resulting from applied stress. Rotational rheometers are most 

often used as shear rheometers, and involve two surfaces that contact the material, which are 

a stationary surface and rotational surface. The two surfaces can come in a variety of 

geometries. The three most popular geometries are cup/bob (couette), cone/plate, and parallel 

plates, as seen in Figure 4-3. In many cases, the bottom surface is fixed while the top surface 

(bob, cone, or plate) rotates. Furthermore, two different shear measurements can be obtained 

by rotational rheometers. First, the steady shear experiment measures a stress or a strain 

induced on a sample that contacts the surface rotating in a direction. Additionally, oscillatory 

shear measurements can be conducted, where the bottom plate is again stationary, while the 

top plate moves at a user prescribed oscillatory frequency or stress and strain amplitude.   
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Figure 4-3 Measuring geometries for the rotational rheometer; couette, cone/plate, and parallel plates 

(from left to right). 

 
 

 

 

 

There are two different frequency (ω) dependent functions that describe the 

viscoelastic properties of the gel, the storage modulus (G’) and the loss modulus (G”). G’ is 

the measure of elasticity of a material and it is the ability of the material to store potential 

energy and G” is the measure of the viscous behavior of the material and it is the ability of 

the material to dissipate energy, representing the elastic portion and the viscous portion, 

respectively. In general, the oscillatory test is performed in the linear viscoelastic regime, 

where the storage and loss moduli are independent of the strain amplitude. The phase lag (δ) 

between stress and strain, which changes between 0 and π/2, can also be used to describe the 

material behavior. When a material is ideally elastic, δ equals to zero, while a material is 

ideally viscous, δ equals to π/2. Viscoelastic materials exhibit behavior between purely 

elastic materials and purely viscous materials, resulting in δ values between 0 and π/2.  

When a material is subjected to a shear deformation, the shear modulus is defined 

as a complex number; 
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G* = τ0/γ0  = G’ + iG” = 



(G')2  (G")2     

G’ = G* cos (δ)    

G” = G* sin (δ)    

 

where G* is the complex modulus, which is the ratio of the stress amplitude (τ0) to the strain 

amplitude (γ0). Another commonly used function, loss tangent (tan δ), denotes the ratio of 

viscous component to elastic component in a viscoelastic behavior of the material. The 

material exhibits a gel character if tan δ   1 (G’   G”), a viscous character if tan δ >1 (G’ < 

G”), and a viscoelastic character if tan δ   1 (G’   G”). The point at tan δ = 1 is the cross 

over where G’ equals to G”. Also, complex viscosity (η*) is a frequency-dependent 

viscosity function, which is defined as the difference between the dynamic viscosity (η’) and 

the out-of-phase viscosity (η”). The dynamic viscosity and the out-of-phase viscosity are the 

real part and the imaginary part of the complex viscosity, respectively; 

 

Loss tangent, tan δ = G”/G’    

     Complex viscosity, η*(iω) = η’ (ω) – iη” (ω)    

Dynamic viscosity, η’ = G”/ω   

Out-of phase viscosity, η” = G’/ω  

 

The time it takes for G’ and G” to intersect (G’= G”) is called the crossover gel 

point, and has been known to be a function of frequency. This makes it difficult to determine 
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the exact gel point. A complementary criterion has been reported by Winter and Chambon
215

 

in 1985. They concluded that the critical gel point is defined as the point at which the 

following two conditions hold: 

 

G’(ω) ~ G”(ω) ~ ω
n
,  0 < n < 1    

and 

tan δ = G”/G’ = tan (nπ/2)    

 

where n is given by n = 2δ/π, and called a relaxation exponent. It is independent of frequency. 

At the critical gel state, G’ and G” are perfectly parallel with the same slope of n with 

independence of frequencies. That is, changes in tan δ over time (or over temperature) 

measured under different frequencies intersect at the gel point. 

 

4.2 Materials and Methods 

4.2.1 Preparation of Chitosan Derivative Solutions 

Chitosan and the prepared chitosan derivatives were dissolved in 0.3 M of acetic acid 

(from Sigma-Aldrich) aqueous solution so as to mimic physiological ionic strength. The 

concentration of 0.02 g/mL was used as a basic sample solution, through the entire 

experiments. 
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4.2.2 Fabrication of Chitosan Derivative Film 

The total amount of 20.0 g of 2% (w/w) solution of CIA derivative and unmodified 

chitosan in 0.3 M acetic acid were prepared, respectively. These solutions were cast into 85 

mm diameter petri dishes. They were allowed to evaporate at room temperature over two 

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

 

4.2.3 Obtaining Blood 

Venous blood from a donor horse was obtained by a venipuncture in the laboratory of 

Dr. Jennifer Davis, at Clinical Science, College of Veterinary Medicine, NC State University. 

The blood was collected into 2.7 mL plastic tube (light blue-top) containing 3.2 wt% of 

sodium citrate (0.109 M) as an anticoagulant. Also, bovine whole blood (gender unspecified) 

with 3.8 % sodium citrate (anticoagulant ratio of 1:9), sodium EDTA (anticoagulant ratio of 

7.5:92.5), and sodium heparin (anticoagulant ratio of 1:99) were purchased from Lampire 

Biological Laboratories, Inc. (Ottsville, PA). Due to its less influence on the blood 

coagulation test, the sodium citrated blood was used for this study. 

 

4.2.4 Rheological Tests on Chitosan Derivative/Horse Blood Mixture 

Steady and dynamic rheological experiments were performed on a StressTech HR 

stress-controlled rheometer (ATS Rheosystems, Bordentown, NJ) with parallel plates 

geometry of 50 mm diameter and a plate gap of 0.4 mm. The chitosan derivative in 0.3 M 

acetic acid aqueous solution is mixed with certain amount of whole horse blood. The mixture 
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is put on the rheometer and changes in viscosity over stress, time, and frequency were 

measured at the physiological temperature of 37˚C. Dynamic frequency spectra were 

obtained in the linear viscoelastic regime of the samples, which storage modulus G’ is 

constant with applied stress, as determined from dynamic strain sweep experiments. 

 

4.2.5 Blood Coagulation Tests for Fabricated Films 

A total of 1 mL of blood was transferred to each glass tube (10 x 75 mm) and it was 

pre-incubated for 5 minutes in a water bath at 37 ˚C. CIA film and unmodified chitosan film 

as control were cut into 1 x 1 cm in size. Half of the films were soaked in phosphate buffered 

saline (PBS, pH 7.4) for 30 minutes to be wet, while 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 37˚C 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 1:1 ratio of two phases.
216

 The time of blood sedimentation was recorded for each 

sample. Four replicates or more were conducted. After 1.5 h, all tests were stopped and films 

were taken out from the blood. The blood clot formed on each film was captured by a digital 

camera.  
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4.3 Results and Discussion 

4.3.1 Viscosity of Chitosan Derivatives 

 In order to determine the effect of the interaction between blood plasma protein and 

CIA derivative on the rheology of the blood, a series of rheological studies were carried out. 

First, the molecular weight has a profound effect on the viscosity of a solution. The 

molecular weight of chitosan used in this study is 312 kDa. Chitosan is a cationic 

polyelectrolyte in acidic solutions due to the protonation of its amino groups. The protonated 

polymer chains associate with each other in solutions, resulting in the much higher solution 

viscosity than a neutral polymer of similar size.  Also, the coil expansion by the electrostatic 

repulsion due to charges on the polyelectrolyte contributes to this effect. 

In addition, the solution can be divided into different viscometric regimes, depending 

on the polymer concentration; the dilute regime, semi-dilute regime, and concentrated 

regime. In dilute solutions, the polymer chains are isolated from each other in the solvent and 

the hydrodynamic volume and the conformation of the molecules are the most important 

parameters that determine the physical properties. As the concentration increases and the 

chain density in the solution becomes higher, the chains overlap with each other. The overlap 

concentration (c*) is defined as the boundary between the dilute regime and the semi-dilute 

regime, at which chains start overlapping. Further increase in the concentration causes chain 

entanglements. The entanglement concentration (ce) is the boundary between the semi-dilute 

unentangled regime, where polymer chains overlap one another but are not entangled, and 
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the semi-dilute entangled regime, where the polymer chains significantly overlap one another 

and topologically constrain each other’s motion.
217

 

To determine entanglement concentration (ce) for the chitosan sample, specific 

viscosity (ηsp = (η0 – ηs)/ηs, where η0 is the zero shear rate viscosity and ηs is the solvent 

viscosity) data are plotted against the solution concentration in Figure 4-4. Solutions span 

nearly two orders of magnitude concentration and a crossover from the semi-dilute 

unentangled to the semi-dilute entangled regime is observed as a change in slope at the 

solution concentration of 2.5 wt%. The ce was, therefore, determined to be 2.5 wt%. The 

dependency of the specific viscosity on the polymer concentration has been investigated in 

the concentrated regime.
218-221

 Dobrynin et al.
222

 presented the scaling prediction for the 

specific viscosity for polyelectrolytes in excess salt; 

 

ηsp ~ c
5/4(=1.25)    

semi-dilute unentangled 

ηsp ~ c
15/4(=3.75)   

semi-dilute entangled 

 

 In semi-dilute unentangled solution, ηsp ~ c
1.56

 was found in this investigation. This 

concentration dependence is in more or less agreement with the predicted relationship (ηsp ~ 

c
1.25

).
222

 In semi-dilute entangled solution, this study found ηsp ~ c
4.30

. This concentration 

dependence is much stronger than predicted (ηsp ~ c
3.75

).
222

 This strong scaling dependence 

indicates the polymer chains are associating in solution.  
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Figure 4-4 Plot of specific viscosity (ηsp) versus concentration for chitosan in 0.3M AcOH/0.2M AcONa 

aqueous solution. The entanglement concentration (ce) of 2.5 wt% is determined by the change in slope 

(scaling exponent) on the above log-log plot.  

 

 

 

 

 

4.3.2 Kinetics of Gelation of Blood Plasma Protein 

The effects of CIA derivative and native chitosan on Na-citrated horse whole blood 

were investigated. Upon addition of CIA solution, liquid blood is instantly transformed into a 

self-supporting stable gel within a few seconds of mixing the polymer into blood, where the 

sample holds its weight upon tube inversion, while the mixture of chitosan and blood remains 

a freely flowing liquid as seen in Figure 4-5 (picture). These differences in flow properties 

were quantified by rheological measurements. First, the viscosity of the mixture is measured 

by changing applied stress to obtain the linear viscoelastic regime, where elastic modulus G’ 
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is constant with stress. Then, time sweep tests at a constant frequency and frequency sweep 

tests at a constant stress were done on the mixture to understand gelling behavior of chitosan 

derivative and blood proteins. In each case, the polymer concentration in the overall mixture 

was adjusted to 1 wt% (1 mL of CIA/0.3 M AcOH (0.02 g/mL) + 0.8 mL of whole blood). 

Figures 4-6 shows data from oscillatory shear measurements on chitosan derivative/whole 

blood mixture and native chitosan/blood mixture, respectively. The data plotted are for the 

elastic and viscous moduli as functions of the angular frequency ω.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 4-5 Effect of 2 wt% CIA in 0.3M aqueous AcOH on 3.2 % Na-citrated horse whole blood 

(anticoagulant ratio of Na-citrate to whole blood is 1 to 9). The photographs show that the freely 

flowing blood before the CIA solution was added turned to be a self-supporting gel that holds its 

weight in the inverted test tube. 
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Figure 4-6 The dynamic rheological data for the elastic modulus (G’) and the viscous modulus (G”) 

versus frequency for the two samples. The CIA/blood mixture (red symbols) shows the rheology of an 

elastic gel (G’ > G”) whereas the chitosan/blood mixture (black symbols) responds like a viscous solution 

over the measurement frequency range. 

 

 

 

As seen in Figure 4-6, the CIA/blood mixture shows an elastic response, which 

both moduli increase with the increase in the frequency but G’ increases more sharply and it 

finally crosses over G” at a certain frequency. This frequency dependence of the moduli for 

CIA/blood mixture evidences the gel structure that is able to store the shear deformation, i.e., 

stress relaxation of this network occurs very slowly over long time scales. In contrast, native 

chitosan/blood mixture shows a viscous liquid response that G” exceeds G’ over almost the 

entire frequency range.  
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Next, the changes in G’ and G” as functions of time is plotted in Figure 4-7. The 

polymer concentration in the overall mixture is also fixed to 1 wt%. As well as the result of 

the frequency sweep, this measurement also clearly confirmed that CIA solution induces the 

phase transition of the horse whole blood from a viscous liquid to an elastic gel in 

approximately 15 minutes after mixing. This profile is apparently different from those of the 

CIA solution itself without blood, or horse whole blood itself, that behave as typical 

viscoelastic liquids, indicating CIA solution has a possibility of interacting with certain blood 

factors and inducing its gelation. The unmodified chitosan solution also caused the phase 

transition, however, the crossover point of G’ and G” was reached in around 40 minutes.  

Moreover, the sol-gel transitions of these samples were described with different 

rheological parameter. Figure 4-8 shows a change in tan δ (=G”/G’) as a function of time for 

the samples above. For the gel formation, the storage modulus rises much more sharply than 

the viscous modulus (G’ ~ ω
2
; G” ~ ω) until it intersects with the loss modulus (G’ = G”), 

then finally exceeds the loss modulus, corresponding to the increase in physical crosslink 

density. Therefore, the rate of change in tan δ for each sample over time can be a parameter 

to evaluate its gelation rate. This result confirmed that CIA/blood mixture exhibits highly 

elastic response with time, compared to unmodified chitosan/blood mixture. The mixtures 

show the decrease in tan δ with time, indicating the elastic component predominates over the 

viscous component in these samples. The two controls retain their viscous solution properties, 

although the viscosity values gradually increase over time because of the slightly-higher 

measurement temperature of 37˚C. Table 4-1 shows the time which it takes for G’ and G” to 
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be twice, equal, and half to each other, comparing the chitosan derivative sample to the 

unmodified chitosan sample. 

 

  

 
Figure 4-7 The dynamic rheological data for the elastic modulus G’ and the viscous modulus G” versus 

time are shown for the two samples and two controls. The CIA sample (blue symbols) displays a gel 

response (G’ > G”) much faster than the chitosan sample (red symbols). The CIA solution (yellow 

symbols) and the Na-citrated horse whole blood (black symbols) respond like viscoelastic solution (G’ < 

G”) throughout the measurement. 
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Figure 4-8 The changes in tan δ as a function of time (log-log scale) for the various samples. The 

CIA/blood sample (blue symbols) and chitosan/blood sample(red symbols) exhibit the significant decrease 

in tan δ with time whereas the CIA solution (yellow symbols) and Na-citrated horse whole blood (black 

symbols) exhibit little change in tan δ with time.  

 

 

Table 4-1 Gel time of the CIA/horse whole blood and the chitosan/horse whole blood systems at 37 ˚C 

Sample Time (min) at 

G”/G’ = 2 
Time (min) at 

G”/G’ = 1 

(crossover time) 

Time (min) at 

G”/G’ = 1/2 

CIA/blood 8.30 15.01 26.30 

Chitosan/blood 23.10 39.87 67.21 

               G”/G’ = 1 indicates the onset of gelation.                            
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Moreover, the changes in complex viscosity (η*) of various samples are plotted in Figure 4-9. 

The complex viscosity increases considerably on the addition of CIA solution into the whole 

blood. The Na-citrated horse blood did not show any observable increase in the complex 

viscosity, proving that the CIA solution interacts with the blood and somehow triggers the 

rapid gel formation. 

 

 

 

 
Figure 4-9 Complex dynamic viscosity (η*) versus time for CIA/horse whole blood mixture and the 

several controls. 
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Next, the changes in G’ and G” on CIA /blood sample (0.02 g in 1mL 0.3 M AcOH/ 

0.8 mL blood) over time were measured at three different frequencies (Figure 4-10). The 

mixture underwent the change from a viscous solution to an elastic gel at certain crossover 

points for all three frequencies. The increase in frequency causes the shift of the crossover 

points to shorter times, which is indicative that the sample is exposed to faster deformations 

at higher frequencies, as a result, it exhibits the gel response earlier. 

 

 

 
Figure 4-10 The changes in G’ and G” over time for the 2 wt% CIA solution/Na-citrated horse whole 

blood under three different frequencies; 0.1 Hz, 0.5 Hz, and 1.0 Hz. 
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The variation in loss factor (tan δ) at various frequencies can be used to determine the 

gel point based on the criteria defined by Winter and Chambon.
215

 At the gel point, G’ equals 

to G” with independence of frequencies, resulting in the constant tan δ at different 

frequencies at the gel point. The change in tan δ over time at several frequencies is shown in 

Figure 4-11 for the mixture above. The crossover was reached at around 22 minutes, 15 

minutes, and 10 minutes at 0.1 Hz, 0.5 Hz, and 1 Hz, respectively. From the Figure, tan δ 

becomes independent of frequency at approximately 26 minutes, indicating the formation of 

a gel. Table 4-2 lists the gel time measured for the mixture of 1 mL of 2 wt% CIA in 0.3 M 

aq. AcOH/ 0.8 mL of horse whole blood. The gelation relaxation exponent (n) is the power 

law index of G’ and G” as a function of frequency and is calculated by following the Winter 

and Chambon
215

 criteria. The relaxation exponent is a specific parameter that is related to the 

growing clusters in a material near the gelation threshold. The relaxation exponent at the gel 

point was determined as 0.41 for this sample from the tan δ plots. 

 

At a gel point, 

G’(ω) ~ G”(ω) ~ ω
n
,  0 < n < 1    

and 

tan δ = G”/G’ = tan (nπ/2)    

 

where n is the relaxation exponent. 
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Table 4-2 Gel point, tan δ, and relaxation exponent (n) of CIA/horse whole blood mixture 

Gel point (min) tan δ n 

26 0.75 0.41
*
 

          (           )  (
 

 
) 

[215]
 

 

 

 
Figure 4-11 The plot of tan δ versus time for the CIA/horse whole blood mixture at three different 

frequencies; 0.1 Hz, 0.5 Hz, and 1.0 Hz. 
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elastic gel in approximately 15 minutes. In this section, three different ratios of CIA/blood 

mixture were studied on their blood gelation in order to determine the best ratio for inducing 

the rapid gelation. In particular, CIA solutions were mixed with the blood by volume ratio of 

3:1, 1:1, and 1:3 (CIA: blood), keeping the total mixture volume constant (1.8 mL). The 

rheological tests were carried out on each mixture. Figure 4-12 shows the both elastic and 

viscous moduli of each sample as functions of frequency. The CIA solutions all have a very 

different response, especially at low frequencies. As seen in this Figure, the mixture whose 

ratio of polymer content to blood content equals to 1:3 (vol:vol) immediately turned into an 

elastic gel, right after mixing, which can be seen in Figure 4-5. This gelation is incomparably 

faster than that seen in the mixture by ratio of 3:1 (CIA: blood).  

 

 

 

 
Figure 4-12 The elastic modulus (G’) and the viscous modulus (G”) versus frequency for the three 

CIA/blood mixture samples with different volume ratios of the CIA component to Na-citrated horse 

whole blood content; 3:1 (blue symbols), 1:1 (red symbols), and 1:3 (black symbols). 
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In addition, the change in both elastic and viscous moduli over time under constant 

stress and frequency was tested on three mixtures by the different ratio of polymer content to 

blood content, as shown in Figure 4-13. The mixture of 3:1 exhibited the solution property at 

first that G” is larger than G’ and subsequently G’ became over G” after 15 minutes. The 

mixture of 1:1 showed similar moduli changes over time, but the crossover of both moduli, in 

contrast, happened at 9 minutes after the mixing. The initial viscosity of this mixture was 

lower than that of the mixture of 3:1. This would be explained in that the viscosity of blood is 

much lower than that of CIA solution, thus, the raise of blood content from 1/4 to half in the 

mixture leads to the reduction of overall viscosity of the mixture. However, the viscosity of 

the mixture of 1:1 increased much faster and reached the crossover point earlier. In sharp 

contrast to these two mixtures, the mixture of 1:3 became an elastic gel before measurements 

could begin, confirming the rapid blood gelation at this concentration ratio. This gel structure, 

however, cannot be retained approximately after 70 minutes, when G” becomes larger than G’ 

again. Figure 4-14 demonstrates the change in tan δ with time. This result supports that the 

mixture of 1:3 reaches the gel state right after the mixing and consequently tan δ (= G”/G’) 

stays constant, keeping G’ larger than G” over time. In addition, the mixture of 3:1 and 1:1 

also gradually become gels with time, however, these gel structures are not stable as seen for 

the mixture of 1:3, and the solution behavior appears again approximately after 1 hour of 

mixing. 
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Figure 4-13 The elastic modulus (G’) and the viscous modulus (G”) versus time for the CIA/horse whole 

blood mixture samples with three different volume ratios of the CIA component to whole blood content; 

3:1 (blue symbols), 1:1 (red symbols), and 1:3 (black symbols). The measurements were done under a 

constant frequency of 0.1 Hz. 
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Figure 4-14 The plot of tan δ versus time (log-log scale) for the CIA/horse whole blood mixture with the 

three different volume ratios of the CIA content to horse whole blood content; 3:1 (blue symbols), 1:1 

(red symbols), and 1:3 (black symbols). 

 

 

Table 4-3 Gelation kinetics of the three different CIA/horse whole blood mixtures 
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Time (min) at  
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Time (min) at  
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3:1 8.30 15.01 26.30 

1:1 4.88 8.95 21.18 
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4.3.4 Yield Stress of Chitosan Derivative/Blood Mixtures 

Next, steady shear stress was applied on the sample whose ratio of CIA content to 

blood content was equal to 1:1 (vol:vol)  and the change in its viscosity was measured as 

shown in Figure 4-15, where the apparent viscosity is plotted as a function of shear stress. 

Under the same condition, the measurements were applied on unmodified chitosan/blood 

mixture and whole blood itself as controls. 

 

 

 
Figure 4-15 Steady-shear rheological data for the viscosity vs. shear stress. The CIA/blood mixture (blue 

symbol) shows a significantly higher viscosity relative to both the chitosan/blood mixture (red symbol) as 

well as a Na-citrated horse blood with no polymer solution (black symbol). 
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The viscosity of blood at 37 ˚C has been reported as 3 x 10
-3

 to 4 x 10
-3

 Pa s.
223

 As 

seen in Figure 4-15, the blood itself has the apparent viscosity of around 3 x 10
-3

 Pa s that is 

consistent with the literature data. The CIA solution or chitosan solution showed anywhere 

from three to five order of magnitude increase in viscosity at low stresses. Unmodified 

chitosan/blood mixture has a low shear viscosity of around 1 Pa s, which is about 300 times 

that of blood alone. However, this high viscosity does not last with increasing applied stress, 

indicating that unmodified chitosan is not capable enough of inducing the stable blood 

gelation. It is notable that CIA/ blood mixture, on the other hand, exhibits a zero-shear 

plateau at low stresses, and then eventually shear thinning occurs once higher stresses (>2 

Pa) have been obtained. This mixture has a low shear viscosity around 3000 Pa s, which is 

nearly a million-fold higher than that of blood, moreover, this high viscosity can be retained 

until the stress increases up to around 2 Pa. Under the stress above around 2 Pa, the viscosity 

of the mixture exhibited the steep drop. This figure indicates that the CIA derivative/blood 

mixture turns to an elastic gel with the applied stress and hardly flows at stress below 2 Pa. 

At stress above 2 Pa, the gel structure breaks. Similarly, other groups reported that their 

hydrophobically modified chitosan solution exhibited the comparable increase in the 

viscosity after mixing with blood and had a yield stress of 2 Pa.
97

 The CIA solution of 2 % 

(w/v) has a dynamic viscosity of about 0.01 Pa s in the low shear regime, indicating that the 

sample is slightly viscous but far from being a gel (ex. dynamic viscosity of water at 37˚C ≈ 

0.7x10
-3

 Pa s ). This explains the gelation behavior seen in photographs in previous section 

(Figure 4-5), where the sample turned to be an elastic gel and does not flow down in the 

inverted tube.  
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4.3.5 Blood Coagulation Tests of Chitosan Derivative Film 

The blood coagulation test was conducted by measuring the time of red blood cell 

sedimentation in the Na-citrated blood. A standardized method called erythrocyte 

sedimentation rate (ESR) has been widely used for one of the diagnosis of various 

diseases.
216

 The ESR is a simple non-specific screening test that indirectly measures the 

presence of inflammation in the body. It reflects the tendency of red blood cells to settle 

more rapidly in the face of some disease states, usually because of increases in plasma 

fibrinogen, immunogloblins, and other acute-phase reaction proteins. Changes in red blood 

cell shape or numbers may also affect the ESR. When anti-coagulated whole blood is 

allowed to stand in a narrow vertical tube for a period of time, the red blood cells settle out 

from the plasma under the influence of gravity. The rate at which they settle is measured as 

the number of millimeters of clear plasma present at the top of the column after 1 hour 

(mm/hr). There are two main methods used to measure the ESR: the Westergren method and 

the Wintrobe method. The Westergren method is frequently used, which 2 mL of venous 

blood containing 0.5 mL of sodium citrate is drawn into a specific glass tube (2.5 x 300 mm) 

to the 200 mm mark. The tube is placed in a rack in a strictly vertical position for 1 hour at 

room temperature, at which time the distance from the lowest point of the surface meniscus 

to the upper limit of the red blood cell sediment is measured. The distance of fall of 

erythrocytes, expressed as millimeters in 1 hour, is the ESR. As described in Chapter 1, the 

mechanism of hemostatic action by chitosan has been known to occur outside of the 

coagulation pathways, either the extrinsic or intrinsic pathway. Also, the proposed rapid clot 

formation by iodoacetic acid is considered as a result of the covalent crosslinking formation 
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between the sulfhydryl compounds in the blood, that is, it similarly works outside of 

pathways without influencing the plasma coagulation factors. Therefore, any change in the 

blood sedimentation rate for the whole blood added the CIA film would be concluded that 

the film brings about the change in the red blood cell shape and resultant change in ESR.  

In this study, conventional glass tubes (7.5 x 10 mm) were used to see whether the 

blood sedimentation is observed or not, by addition of fabricated chitosan and CIA derivative 

films into the tube with 1 mL of whole blood containing 3.8% of sodium citrate (coagulant 

ratio against blood is 1:9). The blood sedimentation time for various films, which the time 

when the supernatant and erythrocyte agglutination were separated as equal phases at 1:1, 

was measured. 

In conclusion, the separation of the 3.8% Na-citrated blood into the supernatant and 

erythrocyte agglutination by adding the film was not observed for either the chitosan or the 

derivative during the entire measurements of up to 150 minutes. However, the incubated 

blood with the CIA film clearly showed the increased viscosity from round the film (Figure 

4-16). After 10 minutes of incubation, the blood in the test tube upside down was almost 

gelled even though it was not stable. It is, however, noted that the blood with the derivative 

film again started flowing around after 1 hour and did not turn to be a perfect gel after 150 

minutes-incubation although the film taken out from the test tube after the measurement had 

some blood clots on it. On the other hand, the control blood sample and the blood with the 

chitosan film did not show such increase in the viscosity over time, as shown in Figure 4-17, 

4-18. These controls support the effect of the derivative film on formation of blood clots. 

Surprisingly, the films did not dissolve in the blood pool during the experiments. However, a 
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certain amount of shrinkage was observed for CIA film. This suggests that the obvious 

dissolution of the films could not be seen, however, it might gradually have dissolved from 

the surface and increased the sample viscosity.  

The blood used in this study contained sodium citrate as the anti-coagulant agent, 

which can chelate calcium ions that are crucial for the coagulation cascade reaction. 

Therefore, the result indicates that the derivative film promoted the clot formation in the 

absence of enough calcium ions, suggesting a possibility that it works independently from the 

natural coagulation pathways. Chitosan generally activates platelets during hemostasis by the 

ionic affinity. At this point, the detailed mechanism how the derivative triggers and induces 

the clot formation is unclear. One possibility is the interaction with the blood cells, including 

red blood cells and platelet, chemically through the sulfide bonds. 

 

 
Figure 4-16 The Na-citrated bovine blood with the addition of the CIA film in a test tube (7.5 x 10 mm) 

incubated in a water bath at 37˚C for 150 min. The test tube was taken out from the bath and 

photographed periodically. 
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Figure 4-17 The Na-citrated bovine blood without any film in a test tube (7.5 x 10 mm) incubated in a 

water bath at 37˚C for 150 min. 

 

 

 

 

 
Figure 4-18 The Na-citrated bovine blood with the addition of the unmodified chitosan film in a test tube 

(7.5 x 10 mm) incubated in a water bath at 37˚C for 150 min. 

 

 

 

 

Figures 4-19 and 4-20 show the CIA derivative film and the unmodified chitosan film 

respectively that were taken out from the blood pool after the incubation at 37˚C for 150 

minutes. First, the CIA film shrunk and wrinkled up once it was put into the warmed blood 
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tube, on the other hand, the unmodified chitosan remained its original form even after the 

incubation. This result indicates that the crystallinity of the CIA became lower than the 

chitosan and the amorphous region was increased due to the introduction of the bulky 

iodoacetyl groups, resulting in the lower mechanical strength of the CIA film than that of 

unmodified chitosan film. In addition, a larger amount of blood clots were observed on the 

CIA film after 150 minutes. 

 

 

 

 

 

 

 

 
Figure 4-19 The photo of the CIA film taken out from the Na-citrated blood after 150 min of the 

incubation. 

 

 

 

 

Film shrunk after the 

incubation for 150 min. 

The clots on the film 

was observed. 
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Figure 4-20 The photo of the chitosan film taken out from the Na-citrated blood after 150 min of the 

incubation. 

 

 

4.4 Conclusion 

The rheological studies are a key for this study. This chapter focused on the gelation 

behavior of the whole blood sample induced by the interaction with CIA derivative. The 

blood gelation could be optically observed. Dynamic oscillatory measurements and steady 

shear measurements revealed that the CIA derivative solution apparently gave rise to blood 

coagulation. The time for the blood to transform from a viscous liquid to an elastic gel highly 

depended on the polymer content in the total mixture. The study elucidated that there is a 

specific polymer content that induces the quickest blood coagulation. The ratio of CIA 

solution content against blood content was controlled, as a result, blood of three times as 

Film remains the original 

figuration after the 

incubation. 
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many as the derivative solution could cause the quickest blood gelation. In this case, the 

blood turned to a gel right after the mixing with the derivative solution. The addition of 

larger volume of the derivative solution reduced the blood viscosity, on the other hand, the 

blood gelation proceeded slowly or it did not even happen. The blood clots which formed 

were later weakened after a few hours. The firm clot was formed after the mixing and it 

returned to liquid state (although red blood cells were partially aggregated) after several 

hours. Fibrinolysis is a process that prevents blood clots, which has two types: primary 

fibrinolysis (a normal body process) and secondary fibrinolysis (a breakdown of clots due to 

a medicine, a medical disorder, or some other cause). In fibrinolysis, a fibrin clot is broken 

down by the action of an enzyme, called as plasmin. Through a positive feedback 

mechanism, plasmin cleaves fibrin, generating soluble degradation products that are cleared 

by other proteases or by the kidney and liver. Initiation of fibrinolysis occurs through a 

number of orchestrated interactions between fibrin, plasminogen and its activator tPA which 

result in generation of plasmin. The CIA system works outside of the coagulation pathways, 

but the clot it forms, would eventually undergo the physiological fibrinolysis process, 

nevertheless, we can still expect its potential as a first-aid hemostatic system.  

 As revealed in Chapter 3, the reaction between iodoacetic acid and free sulfhydryl 

groups of L-cysteine preferably occurs at slightly basic condition. The solution pH of around 

8 (at least above 5) is required to maximize this reaction. Thus, the pH environment of the 

reaction mixture is an important parameter. The pH value of CIA in 0.3 M AcOH is around 

pH 3 and the normal blood is regulated to stay within the narrow range of pH 7.35 to 7.45, 

making the mixture almost neutral.
224

 In practice at the moment, the addition of chitosan 
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derivative solution reduces the blood pH outside of the normal value. This is a challenge for 

future studies. Presently, the chitosan derivative needs an acidic solvent to be dissolved. If a 

more water soluble derivative can be obtained, that would be a useful. As one of the potential 

solutions, it has been reported that chitin with around 50% of deacetylation is soluble in 

water.
225

 This improved solubility of chitin with 50%DD would be attributed to the partial 

deacetylation which brought about the amorphousness of the polymer by the destruction of 

secondary structure and also the increase of the hydrophilic property on account of the 

increased number of amino groups.  

The iodine content in the CIA would be another parameter that affects the interaction 

with the blood. We have prepared several CIA derivatives with different iodine contents, 

4wt%~10wt%. If more iodine atoms are present, the greater opportunity there would be to 

react with cysteine in the blood proteins. However, the higher iodo substitution of amino 

groups of chitosan resulted in a lower solubility. Also, the cationic property of chitosan 

would be lost for the higher substitution. The positively charged chitosan in acidic condition 

has been considered to be involved in the blood coagulation by the ionic interaction between 

negatively charged red blood cell membrane.
81

 Therefore, the iodo contents in the chitosan 

derivative might not be proportional to the induced blood coagulation. The relationship 

between iodine content in the derivative and the resultant blood coagulation has not been 

addressed in this research. Further studies are needed to clarify the best substitution ratio that 

causes the interaction with blood proteins to a maximum extent. 

 

 

 



 

124 

CHAPTER 5 

5 Rheological Properties of Blood Plasma Protein 

The previous chapter confirmed that the CIA derivative has the ability to induce 

blood clot formation, imitating the formation of the natural fibrin clots. Although the detail 

mechanism of the observed formation of blood gel is still uncertain, we strongly assume that 

the blood cells are chemically crosslinked in the network rather than being physically trapped 

in a polymer mesh through the sulfide bonds between sulfhydryl moiety and iodoacetic acid. 

In order to accelerate gel formation, there is a need to understand the gelling behavior and 

identify and induce crosslinking reactions to interact with as many blood proteins as possible. 

The objective of this chapter is to investigate the rheological properties of blood plasma 

proteins involved in the observed rapid transformation of a liquid blood into a gel.  

 

5.1 Introduction 

It is generally accepted that pronounced red blood cell (RBC) aggregation is a major 

factor contributing to an increase in whole blood viscosity at low shear. RBC aggregation 

affects blood viscosity most markedly in areas of low shear stress (< 4 dyn/cm
2
 (or < 0.4 Pa)), 

which is prevalent at atherosclerosis (or thrombogenesis)-prone sites.
226

 Increased RBC 

aggregation and the resulting elevated blood viscosity promote low-flow blood stream, i.e., a 

condition that favors thrombogenesis.
227

 Regional low flow resulting from RBC aggregation 

can, therefore, set the stage for vascular thrombosis. Aggregation of RBCs is governed by 

opposing forces that dis-aggregate RBCs: the repulsive electrical force between negatively 
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charged cells and the shear force exerted by blood flow. On the other hand, the cohesive 

force induced by the presence of various plasma proteins promotes the formation of rouleaux 

structures and larger aggregates.
228,229

 A rouleaux structure is described as stacks of RBCs 

which form because of the unique discoid shape of the cells. The flat surface of the discoid 

RBCs give them a large surface area to contact and stick to each other when the plasma 

protein concentration is high. The equilibrium between these forces determines the extent of 

RBC aggregation and thus a key element in hemorheology.
230

 The rheological properties of 

the plasma proteins, fibrinogen, albumin, and globulins in RBC aggregation, however, are 

not clear. Chien et al.
231

 shows the baseline values of these plasma proteins, which is shown 

in Table 5-1. The purpose of this chapter is to investigate the plasma factors which are 

involved in the blood coagulation. 
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Table 5-1 Baseline concentrations of plasma proteins in the various patient groups studied
231

 

 
 

 

Whatever the force that causes the adsorption of fibrinogen or other 

macromolecules to erythrocytes, it is relatively weak and can be overcome by the increased 

shear stress. At low shear rates, the large aggregates cause greater fluid immobilization, 

resulting in higher suspension viscosity, whereas high shear conditions cause the dispersion 

of aggregates, leading to reduced fluid immobilization and suspension viscosity. Thus, an 

increase in shear stress disperses the rouleaux, which are formed again when the shear stress 

is reduced. According to some previous viscometric data,
232,233

 it appears that erythrocytes in 

normal blood are mono-dispersed at a shear rate of approximately 200 sec
-1 

or a shear stress 

of the order of 5 dynes/cm
2
 (= 0.5 Pa). It is interesting that maximal deformation of 

erythrocytes can also occur at such shearing conditions.
231

 Therefore, when the erythrocytes 

are completely dis-aggregated by high shear, they are also maximally deformed and further 

increases in shear rate above 200-300 sec
-1

 would not reduce blood viscosity, therefore the 

Newtonian regime can be seen over these high shear rates.  

Values are means ± SE; n, no. of subjects. *Value smaller than in patients with 

ischemic heart disease (P = 0.02); †value greater than in patients with ischemic 

heart disease (P =0.001) and in patients receiving intravenous Ig (P < 0.001). 
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It is believed that fibrinogen, a 340-kDa fibrous hexamer, is the most potent 

aggregator of RBC in plasma. Some studies
234,235

 have shown that immunoglobulin (Ig) 

induces RBC aggregation, whereas others have found no effect.
236

 Some described 

enhancement of fibrinogen-induced RBC aggregation by albumin,
237,238

 but one study 

showed inhibition.
239

 Also, some reported that Ig-induced RBC aggregation has been 

inhibited by albumin,
237

 but the other mentioned the enhancement by albumin.
240

 Reinhart 

and Nagy
241

 found that albumin increased the erythrocyte sedimentation rate when added to 

fibrinogen and Ig, but inhibited it when added to either alone. Lately, Ben-Ami et al.
242

 

revealed that high concentrations of both albumin and fibrinogen are susceptible to Ig-

induced RBC aggregation (Figure 5-1).  
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Figure 5-1 RBC aggregation (AUCAAS) as a function of fibrinogen (Fib) concentration in four sets of 

suspensions with controlled concentrations of albumin (Alb) and immunoglobulin (Ig). Log AUCAAS 

correlates with Fib concentration in a suspension containing Ig (25 mg/mL) and Alb (4.5 g/dL) but not in 

an Alb-free suspension. AUCAAS is significantly greater at Fib concentrations above 400 mg/dL in a 

suspension containing Ig and Alb compared with the other three suspensions.
242

 

 

 

Previously, Chien et al.
231

 reported the shear-dependent interaction of plasma proteins 

with erythrocytes in blood rheology. They added the fibrinogen to suspensions of 

erythrocytes in serum as well as in Ringer solution. The addition of purified fibrinogen to 

erythrocytes suspended in serum or Ringer solution increases the blood viscosity with the 

shear dependence (Figure 5-2). The increase in the viscosity with increasing fibrinogen 

concentration in the serum was observed especially at low shear rates, but became saturated 

IG 0 mg/mL; Albumin 0 g/dL 
IG 25 mg/mL; Albumin 0 g/dL 
IG 0 mg/mL; Albumin 4.5 g/dL 
IG 25 mg/mL, Albumin 4.5 g/dL 

Fibrinogen (mg/dL) 
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at high fibrinogen concentrations (0.6 g/100mL). On the other hand, fibrinogen added to 

RBC suspensions in Ringer or Ringer-albumin solution (4g/100mL) exerted less effect than 

in serum suspensions. This difference in the hemorheological effects between fibrinogen 

added-RBC suspensions in serum and in Ringer (or Ringer-albumin) indicates that serum 

globulins possess a significant fibrinogen-like action, and the total serum globulins are 

approximately equivalent to the total fibrinogen present in their ability to interact with red 

cells. Therefore, the addition of further quantities of purified fibrinogen to serum suspensions 

causes no further increase in viscosity and does not markedly alter this fibrinogen 

equivalence of serum globulins, indicating that the hemorheological effects of fibrinogen and 

globulins are essentially additive.  

As mentioned above, fibrinogen causes erythrocyte aggregation to form rouleaux. It 

has been shown that the RBC aggregate size varies with the fibrinogen concentration in a 

similar manner as the suspension viscosity does.
243

 Fibrinogen has been found to be adsorbed 

onto the surface of the erythrocyte membrane. Because of the molecular length of fibrinogen 

(650-700 Å), it is possible that adsorption of the ends of the same fibrinogen molecule to two 

adjacent erythrocytes may bridge the negatively charged surfaces of the erythrocytes without 

significant electrical repulsion, resulting in the formation of rouleaux. The relative inability 

of albumin to bring erythrocytes together as rouleaux is probably because of its much shorter 

molecular distance of 150 Å that is not long enough to bring adjacent erythrocytes together 

and overcome the greater electrical repelling forces between them, indicating that albumin 

may actually exert a protective effect against erythrocyte aggregation.  
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Also, low shear viscometry shows time-dependent characteristics when fibrinogen is 

added. The larger plasma proteins (fibrinogen and globulins) can increase the shear 

dependence and time dependence of blood viscosity, whereas the smaller plasma protein 

(albumin) has little effect.  

 

 
Figure 5-2 Relationships between viscosity at 0.1 sec

-1
 (A), shear dependence between 0.52 and 5.2 sec

-1
 

(B), and initial rise time at 0.01 rpm (C), and fibrinogen concentration in suspensions of 45% canine 

erythrocytes in Ringer (solid lines), serum (broken lines), and Ringer-albumin, 4g/100 mL (dotted 

lines).
231

 



 

131 

5.2 Materials and Methods 

5.2.1 Preparation of Chitosan Derivative Solutions 

Chitosan and the prepared chitosan derivative solutions were prepared by following 

the method of Section 4.2.1. 

 

5.2.2 Obtaining Centrifuged Blood 

The blood plasma (containing the blood-clotting proteins) and the blood cells were 

separated by centrifugation. An amount of 2 mL Na-citrated whole bovine blood 

(anticoagulant ratio against whole blood is 1:9, 3.8% Na-citrate) was transferred into a test 

tube (10mm x 75 mm) and the test tube was sealed. This tube and an equally weighted test 

tube (filled with water) were put into 50 mL-centrifuge tubes and they were placed in pairs in 

IEC HN-SII Centrifuge (International Equipment Co., A Division of Damon, Needham 

Heights, MA) to balance the centrifuge. The centrifugation was run at 2000 ppm for 10 

minutes. The separated blood cells were resuspended in an equal volume of PBS and then 

mixed with 2 wt% CIA/0.3M AcOH. Also, the blood plasma was mixed the same CIA 

solution. 

 

5.2.3 Fibrin Formation by CaCl2 

Na-citrated bovine whole blood of 1.5mL was transferred into a test tube. Calcium 

chloride (CaCl2) 0.025 M aqueous solution was prepared and 1.5 mL of this solution was 
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added into the blood test tube and mixed. The test tube was incubated in a water bath at 37˚C 

for 10 minutes. After the incubation, gel-like blood clot formation was observed. The clot 

was removed from the test tube with tweezers. The rest of the blood/CaCl2 was stored at 5˚C 

until it was used for the rheological measurements. 

 

5.2.4 Rheological Tests on Chitosan Derivative/Blood Mixture 

The rheological tests were carried out by following the methods described in Section 

4.2.4. 

 

5.3 Results and Discussion 

5.3.1 Gelation of Centrifuged Blood 

The gelation experiments with the components of whole blood were also conducted. 

For this, the blood plasma (containing the blood-clotting proteins) and the blood cells were 

separated by centrifugation. First, 1 mL of 2 wt% CIA solution was mixed with 0.8 mL of 

blood plasma (without cells). Then, a time sweep test was carried out at oscillatory stress of 

0.2 Pa, frequency of 0.1 Hz, and at 37˚C. The result is shown in Figure 5-3 along with the 

result of whole blood, under the same experimental condition. The sample with the blood 

plasma shows a weakly viscous response in the dynamic rheology. In this case, G” is slightly 

higher than G’ over the frequency range. We cannot optically see the blood clot formed, 

either. 
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Next, the separated blood cells were re-suspended in an equal volume of PBS and 

then mixed with 2 wt% CIA solution. Figure 5-4 shows the result of the oscillatory time 

sweep tests for CIA derivative solution with separated blood cells resuspended in PBS. In 

contrast with the sample of separated blood plasma, this sample shows an elastic gel response 

over time under the same dynamic oscillatory stress. The result for the same derivative 

solution with blood plasma was also shown here as control. This confirmed that this blood 

coagulation induced by CIA derivative takes place only in the presence of blood cells and the 

blood cells are a key factor that facilitates blood clot formation, which is consistent with the 

previously reported result.
97

 In this study, the induced blood gelation is explained as the 

sulfide bond formation between iodoacetic acid moiety of the derivative and sulfhydryl 

groups in blood proteins. Therefore, it is reasonable that the gelation occurs only when the 

blood cells that contain cysteine are present in the sample. Also, the blood plasma did not 

proceed with sufficient blood clot formation even though the coagulation factors exist in it, 

suggesting the aggregation of blood cells, including red blood cells and platelets, at the site 

of injury is necessary for the clot formation as mentioned in Chapter 1.  

This sample shows a gel response as observed earlier with whole blood, however, the 

gel state was reached later than the sample of whole blood, as seen in Figure 5-5. The 

crossover of G’ and G” was observed at around 50 minutes after the mixing, while the 

crossover occurs in approximately 15 minutes for the sample with whole blood (Table 5-2). 

Also, this is even relatively slower than that observed for unmodified chitosan/whole blood 

sample. Thus, the replacement of the plasma containing the blood coagulation factors with 

PBS retards the coagulation process. However, as seen in Table 5-2 the CIA derivative has 
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the greatest coagulating effect on whole blood. It is also notable that G’ > G” was stably-

maintained for the CIA/cells in PBS sample after their crossover, suggesting the fibrinolysis 

did not occur due to the replacement of the plasma with PBS, as shown in Figure 5-5. 

 

 

Table 5-2 Gel time of the CIA (and unmodified chitosan)/Na-citrated blood systems at 37 ˚C; with 

separated blood plasma, with separated blood cells in PBS, and with whole blood  

Sample Time (min) at 

G”/G’ = 2 
Time (min) at 

G”/G’ = 1 

Time (min) at 

G”/G’ = 1/2 

CIA/blood cells in PBS 42.02 51.85 63.83 

CIA/blood plasma N/A N/A N/A 

CIA/whole blood 8.30 15.01 26.30 

Chitosan/whole blood 23.10 39.87 67.21 
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Figure 5-3 The dynamic rheological data for the elastic modulus (G’) and the viscous modulus (G”) 

versus time for the two samples. The CIA/blood plasma mixture (red symbols) shows the rheology of a 

liquid (G’ < G”) over entire measurement time whereas the CIA/Na-citrated whole blood mixture (blue 

symbols) responds like an elastic gel (G’ > G”). 
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Figure 5-4 The dynamic rheological data for the elastic modulus (G’) and the viscous modulus (G”) 

versus time for the two samples. The CIA/blood cells resuspended in PBS mixture (blue symbols) shows 

the rheology of an elastic gel (G’ > G”) whereas the CIA/blood plasma mixture (red symbols) responds 

like a viscous solution over the measurement time. 
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Figure 5-5 The dynamic rheological data for the elastic modulus (G’) and the viscous modulus (G”) 

versus time for the two samples; the CIA/blood cells resuspended in PBS mixture (blue symbols) and the 

CIA/Na-citrated whole blood mixture (red symbols). 

 

 

 

The obtained results indicate a specific interaction happens between CIA and red 

blood cells. One aspect of the interaction of CIA with red blood cells is hemoglobin, which is 

the protein that makes up about 97% of the red blood cells in mammals,
244 

and carries the 

important regulatory molecule nitric oxide bound to the globin protein thiol groups, releasing 

oxygen.
245

 In addition, Glutathione (GSH, γ-L-glutamyl-L-cysteinyl-glycine), a tripeptide 

with a gamma peptide linkage between the amine group of cysteine and the carboxyl group 

of the glutamate side-chain, is widely distributed in biological samples as an important 

pathophysiological marker substance. Since thiol groups are reducing agents, GSH reduces 
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disulfide bonds formed within cytoplasmic proteins to cysteines by serving as an electron 

donor, while GSH itself is converted to its oxidized form glutathione disulfide (GSSG). 

Some groups determined the amount of GSH in the blood.
246,247

 Kosower et al.
247

  

reported on the oxidation of GSH into GSSG by two intracellular thiol-oxidising diazenes for 

the human red cell and rat red cell, in respect to the quantity of oxidant needed for GSH 

oxidation, to the fate of GSH, and to the reactivity of hemoglobin. They measured GSH and 

GSSG contents of human and rat red cells following treatment with excess diazene oxidants. 

In human red cells, the total GSH content of the cells is found as GSSG in the non-protein 

fraction of the lysate after complete GSH oxidation. In contrast, none or very little GSSG is 

found in rat blood cells after complete GSH oxidation, as summarized in Table 5-3. The –SH 

content of hemoglobin from human red cells treated with oxidants even in large excess shows 

almost no change from that found for hemoglobin of untreated red cells. The –SH content of 

hemoglobin from rat red cells diminishes significantly under similar conditions, as the data in 

Table 5-4.  
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Table 5-3 GSSG in red cells after oxidation of GSH
247

 

Red cell suspensions were mixed with oxidants at 2˚C and kept for 10-15 min; cell suspensions then washed, 

cells resuspended in buffer and aliquots used for determination of GSH and of GSSG. 

Cell 

origin 

Oxidant GSH, initial 

concentration 

(μmol/mL red 

cells) 

Oxidant 

added/GSH 

(μmol/mL red 

cells) 

GSH 

oxidized 

(%) 

GSH 

recovered 

as GSSG 

(%) 

Human diamide 2.74 1.20 97 98 

 diamide 2.45 2.05 100 95 

 compound I 2.45 2.05 100 104 

      

Rat diamide 1.88 2.08 92 9 

 diamide 2.10 2.38 100 6 

 compound I 2.10 2.38 100 11 

 compound I 2.28 2.20 98 14 

* diamide: diazenedicarboxylic acid bis-N'-methylpiperazinide 

   compound I: diazenedicarboxylic acid bis-N'-ethylpiperazinide 
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Table 5-4 Hemoglobin –SH groups in oxidant-treated red cells
247

 

Cell 

origin 

 

 

Oxidant Hemoglobin 

-SH  

(μmol/mL red 

cells) 

Decrease in 

hemoglobin –SH 

(μmol/mL red 

cells) 

 name Amount  

(μmol/mL red cells) 

  

Human none  30.5  

 diamide 5 30.5 0 

 compound I 5 30.5 0 

Human none  29.25  

 diamide 4.8 29.0 0.25 

 diamide 8.0 28.5 0.75 

Rat none  40.0  

 diamide 5 37.5 2.5 

 diamide 6 35.0 5.0 

Rat none  39.5  

 diamide 5 36.5 3.0 

 compound I 5 34.5 5.0 

Rat none  43.5  

 compound I 5 39.5 4.0 

Red cell suspensions were mixed with solutions of the oxidants at 2 ˚C for 10-15 min; after washing, the 

cells were hemolysed and prepared for the determination of hemoglobin -SH groups. Note that for 

hemoglobin - SH, GSH thiol groups have been subtracted from the total thiol group determination. 

Hemoglobin - SH was measured as μmol/μmol hemoglobin. It was assumed that 5 μmol hemoglobin were 

present in each mL of red blood cells. Variation in the hemoglobin content of the red cells might account 

for a part of the small variation observed in those experiments to which no oxidant was added. 

 

 

5.3.2 Gelation of Diluted Blood 

We also conducted the gelation tests on the CIA solution with water-diluted blood to 

identify the factors which are involved in quick blood coagulation triggered by CIA 

derivative. In this test, the whole blood was diluted with deionized water or PBS by certain 

concentrations. The mixture of 1mL of 2 wt% CIA solution and 0.8 mL of whole blood was 

set as a standard. The amount of CIA solution was kept constant at 1 mL and certain amounts 
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of blood were replaced with deionized water (or PBS). The detail concentrations of the 

samples are summarized in Table 5-5. 

 

 

 

 
Table 5-5 Summary of the concentration of the CIA/diluted horse blood mixture samples 

Blood: H2O (or PBS) (vol:vol) 1:0 1:2 1:3 1:4 1:3 

 Blood dilution ratio 1 1/3 1/4 1/5 1/4 

Whole blood (mL) 0.8 0.266 0.200 0.160 0.200 

Deionized water (mL) 0 0.532 0.600 0.640 0 

PBS (pH 7.4, mL) 0 0 0 0 0.600 

2 wt% CIA in 0.3M AcOH (mL) 1 1 1 1 1 

 

 

 

 
Figure 5-6 The changes in G’ and G” over time for the CIA/horse whole blood mixture (black) and the 

deionized water (or PBS)-diluted horse whole blood mixtures with the different dilution ratio; diluted 

blood to 1/3 (red), diluted blood to 1/4 (light blue), diluted blood to 1/5 (green), and PBS-diluted blood to 

1/4 (dark blue). 
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Figure 5-6 shows the changes in G’ and G” over time for CIA and diluted blood samples. 

The diluted blood samples show apparently different G’ and G” curves from those of the 

normal whole blood sample. It should be noted that the diluted samples exhibit the somewhat 

regular changes in both elastic and viscous moduli over time in proportion as the dilution 

ratio. As shown in Figure 5-7, the crossover point of G’ and G” tends to shift to shorter time 

with the increase in the dilution ratio, i.e., with the increase in water content in the mixture. 

This tells us that the diluted blood sample move to an elastic state from a viscous liquid in a 

much shorter time. However, the viscosity of the entire sample decreases due to the dilution 

of the blood and it cannot visibly be observed that the further rapid gelation occurs, than that 

for the normal whole blood sample. Furthermore, the red blood cells put in deionized water 

would bust due to the difference in osmotic pressure. Thus, the ionized water was replaced 

by the same amount of PBS and the same measurement was conducted for the diluted blood 

sample which the dilution ratio was 1/4. From Figure 5-7, the PBS diluted blood also 

exhibited a very rapid transition to an elastic gel state. Surprisingly then, the deionized water-

diluted blood sample with the same dilution ratio, the sample diluted with PBS only shows a 

slightly shorter crossover time.  
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Figure 5-7 The expanded plot of Figure 5-6 in the region between 0min and 30 mins after mixing. 

 

 

 

 

 

The loss tangent (tan δ) is plotted against time in Figure 5-8. Each curve starts to 

exhibit a different profile after 2 minutes, corresponding to an increase in the rate of the 

viscosity change. We can see the proportionally increased rate of crossover with the increase 

in dilution ratio. Comparing the diluted blood with the deionized water to the diluted blood 

with PBS, both with a dilution ratio of 1:4, the PBS-diluted blood mixture reaches the 

crossover point slightly faster. 

0.0001

0.001

0.01

0.1

1

10

100

0 5 10 15 20 25 30

 G
',

 G
"

 (
P

a
) 

Time (min) 

G' for CIA+whole blood

G" for CIA+whole blood

G' for CIA+dilute blood(1/3)

G" for CIA+dilute blood(1/3)

G' for CIA+dilute blood(1/4)

G" for CIA+dilute blood(1/4)

G' for CIA+dilute blood(1/5)

G" for CIA+dilute blood(1/5)

G' for CIA+dilute blood(1/4)PBS

G" for CIA+dilute blood(1/4)PBS



 

144 

 
Figure 5-8 The plot of tan δ over time for the CIA/horse whole blood mixture (black) and those of the 

diluted horse whole blood mixtures by the dilution ratio of: 1/3 (red), 1/4 (light blue), 1/5 (green), and ¼ 

with PBS (dark blue). 

 

 

 

 

 

5.3.3 Gelation Mechanism 

In order to understand the influence of the natural fibrin crosslinking formation on the 

blood gelation induced by CIA derivative, the removal of fibrin from the blood was 

attempted. In the process of fibrin formation, calcium ions (Ca
2+

) are involved with the 

activation steps of blood coagulation factors that finally lead to the crosslinked fibrin 

formation (Figure 1-1). This is why Na-citrate works as an anticoagulant, the citrate ion 
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mechanism.Thus, adding calcium ions into the blood would cause the formation of fibrin. For 

this purpose, 0.025M CaCl2 aq. was mixed with the same amount of the Na-citrated whole 

blood and maintained at 37˚C. After 10 minutes of incubation, the gel-like blood clot was 

formed in the blood/CaCl2, as shown in Figure 5-9. The clot was removed from the blood and 

the rest of the blood containing CaCl2 was mixed with 2% CIA/0.3M AcOH and the 

rheological tests were carried out. 

 

 

 

 
Figure 5-9 Blood clot formed after mixing Na-citrated bovine whole blood with 0.025 M CaCl2 solution. 
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After adding CaCl2 solution, most of the coagulation factors should have been 

converted to their activated forms and caused the cascade reactions to form fibrin gelation. 

The clot in the photo indicates that this occurred. 

Next, the rest of the blood containing CaCl2 solution was mixed with the CIA 

derivative solution and the rheological test was run. Figure 5-10 shows the changes in G’ and 

G” over time at a constant oscillatory stress (0.2 Pa), frequency (0.1Hz), and temperature 

(37˚C). The sample of CIA solution mixed with blood/CaCl2 turned to a gel state after 40 

minutes, while the sample of chitosan derivative solution mixed with the normal whole blood 

turned to a gel in around 10 minutes. This tells us that even though the fibrin has been 

removed, it is still able to form a clot. The amount of fibrin formed would be proportional to 

the amount of fibrinogen that existed in the blood (ref. Figure 1-1). Assuming all the 

fibrinogen (precursor of fibrin) was converted by the thrombin with addition of Ca
2+ 

and was 

then removed, there was no fibrinogen available, for forming the fibrin clot. However, the 

blood cells have interacted with the CIA derivative solution. This result supports the previous 

result that re-suspended blood cells in PBS (where most of coagulation factors were 

removed) still exhibits gelation behavior with the derivative although it took 50 minutes for 

G’ and G” to crossover. This clarifies that the observed blood gelation induced by CIA works 

by interacting with the blood cells, and not by the natural coagulation pathways.  
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Figure 5-10 The dynamic oscillatory time sweep test for CIA solution mixed with the whole blood which 

fibrin was pre-removed by CaCl2 addition (blue symbols) and for that mixed with the normal whole 

blood (red symbols). 

 

 

5.4 Conclusion 

 

The purpose of this chapter is to specify the factors that are involved in the 

enhanced clot formation of the whole blood by the interaction of CIA derivative and to 

determine the detail mechanism of the blood gelation. First of all, we assumed the sulfide 

covalent bonds formation between iodoacetic acid moiety of the derivative and cysteine 

residue in the blood could occur through the reaction discussed in Chapter 3. This study will 

be helpful to understand whether the crosslinking reaction with blood proteins is possible and 

maximizes blood clot formation. 
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First of all, we questioned what is crucial for the observed enhanced clot formation. 

It is known that a cascade of the activation of the blood coagulation factors in the blood 

plasma leads to the formation of the polymerized fibrin, followed by the aggregation of the 

blood cells on the fibrin mesh, thus forming a clot. In order to clarify which is more involved 

in the very rapid blood coagulation by the CIA system, whole blood was separated into the 

cells and the plasma and each was mixed with CIA solution, and the rheology was observed. 

The dynamic oscillatory measurements confirmed that the existence of the blood cells is 

necessary to complete the clot formation. In the case of only plasma mixed with CIA solution, 

we could not see any gelation. In addition, the separated blood cells were resuspended in 

PBS (eliminating most of the coagulation factors) and mixed with the derivative solution as 

well. This sample exhibited the gel behavior although it took a much longer time to reach the 

gel state, than the case for whole blood. These results indicate that the CIA system would not 

affect the reactions of the blood coagulation factors and works to enhance the coagulation 

rate independently of the natural coagulation cascade, supposedly through the interaction 

with the cysteine residue that are associated with the cells. Also, the CIA system works 

maximally in the presence of both the cells and plasma.  

Next, some of whole blood was replaced with deionized water (or PBS) to 

investigate the limitation of the blood concentration required for the coagulation. The results 

obtained here were surprising. The more the whole blood was replaced with water, the 

quicker was the gelation time of the CIA/blood mixture. However, the lower concentration of 

blood, i.e., less amounts of blood cells and coagulation factors, would generally cause a 
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slower coagulation rate. The reason why this result was obtained is unclear and further 

studies are needed.  

 Finally, there is still a question on how the CIA derivative works to induce the rapid 

blood coagulation. In the coagulation pathways, the last step is to prepare the polymerized 

fibrin mesh that catches the platelets and the red blood cells in it and turns to being a clot. 

Therefore, removing fibrin out of the blood in advance of mixing with the chitosan derivative 

solution would help address the question. As a result, fibrin was artificially formed by 

addition of CaCl2 and removed from the blood. The rest of the blood/CaCl2 system could 

form a clot with addition of the CIA solution, suggesting that the CIA would work 

independently from the natural coagulation pathways, however, it cannot work in the absence 

of red blood cells. 

 In this study, the bovine serum albumin (BSA) aqueous solution of 4 wt% was mixed 

with CIA in order to verify that CIA reacts with cysteine (ref. Appendix B). The blood serum 

contains 4.4~5% albumin. However, we could not obtain reportable gelation behaviors from 

the mixture of CIA and the BSA solution. As described in Chapter 3, some groups previously 

found that iodoacetic acid reacted with only a portion or with none of the sulfhydryl groups 

of native proteins, on the other hand, the heat-denatured egg albumin was completely 

interacted with iodoacetic acid at pH 7.3 within 3 hours.
202 

Another study found the value of 

cysteine (0.55%) in heat-denatured egg albumin which is available for the reaction with 

iodoacetate.
203 

This would be a considerable reason why the native BSA solution did not 

show any gelation with iodoacetic acid. The denaturation of proteins involves the disruption 

and possible destruction of both the secondary and tertiary structures, while it is not strong 
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enough to break the peptide bonds thus the primary structure (sequence of amino acids) 

remains the same after a denaturation. Heat added to a protein disrupts hydrogen bonds and 

non-hydrophobic interactions. Therefore, the number of segments of amino acid sequence is  

increased, which leads to the increase in the amount of free cysteine (or other iodo-reacting 

amino acids) available for the reaction with iodoacetate. The relationship between the 

denatured protein and iodoacetic acid is an interesting subject to understand the mechanism 

of the observed blood gelation and to maximize the reaction between the sulfhydryl 

compounds in the blood and iodoacetic acid residue. 
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CHAPTER 6 

6 Rheological Properties of Thiolated Chitosan 

       In previous chapters, it was discussed that thiolated polymers have been known to 

provide much higher adhesive properties than the existing mucoadhesive polymers. The 

enhancement of mucoadhesion can be explained by the formation of covalent disulfide bonds 

between the polymer and the mucus layer. These thiolated polymers, known as thiomers, 

interact with cysteine-rich subdomains of mucus glycoproteins via disulfide exchange 

reactions and/or simple oxidation process. Currently, various thiolated chitosan derivatives 

have been developed, such as chitosan-thioglycolic acid (chitosan-TGA) 

conjugates,
107,108,110,125

 chitosan-cysteine conjugates,
124,126

 and chitosan-4-thio-butyl-amidine 

(chitosan-TBA) conjugates
109

 based on the immobilization of thiol bearing moieties on the 

polymeric backbone of chitosan. These thiolated chitosans have some useful features, 

including significantly improved mucoadhesive and enhanced permeation properties as well 

as in situ gelling property at physiological pH values, which give them promising 

applications.  

      The improved mucoadhesive properties of thiolated chitosans are explained by the 

formation of covalent bonds between thiol groups of the polymer and cysteine-rich 

subdomains of glycoproteins in the mucus layer. The cationic chitosan can also interact with 

anionic substructures of the mucus layer through the ionic interactions. In addition, thiolated 

chitosans provide another stronger interaction with them by forming disulfide bonds. Some 

groups confirmed the improve mucoadhesiveness by measuring in vitro adhesion time of 
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thiolated chitosan tablets on intestinal mucosa. For instance, chitosan-TGA conjugates show 

a 5~10-fold increase in mucoadhesion in comparison to unmodified chitosan,
107

 also further 

improvement of mucoadhesive properties of chitosan-TBA was achieved.
109

 This highly 

improved mucoadhesion of chitosan-TBA can be explained in that the chitosan-TBA 

conjugate provides additional ionic interactions between its cationic amidine moieties and 

anionic substructures within the mucus layer. In addition, the strong enhanced permeability 

of thiolated chitosans, chitosan-cysteine
124

 and chitosan-TBA,
248

 have been observed. 

Bernkop-Schnurch et al.
249

 reported the permeation enhancing effect of the 0.5% (m/v) 

chitosan-TBA conjugate in combination with the permeation mediator glutathione (GSH), 

which contains 0.001% (m/v) rhodamine 123 as a model compound.  The passive uptake of 

the rhodamine 123 into freshly excised small intestinal mucosa from guinea pigs, showed a 

3-fold higher permeation, compared to unmodified chitosan. 

      Due to these enhanced properties, thiolated chitosans have been studied for 

biomedical applications, such as non-invasive matrices for controlled drug release and tissue 

engineering. The incorporation of cationic drugs in anionic mucoadhesive polymer matrices 

leads to a strong reduction in the mucoadhesive properties and would hinder drug release as a 

result of strong ionic interactions between the drug and the polymeric network. On the other 

hand, thiolated chitosans, as non-ionic polymers, seems to be a favorable tool for the oral 

administration of cationic hydrophilic macromolecules. The thiol groups introduced on the 

chitosan backbone enable thiolated chitosans not only to form disulfide bonds with mucus 

glycoproteins, but also to form inter- and intra-molecular disulfide bonds. This crosslinking 

of the polymeric structure results in high stability as drug carrier systems. Guggi et al.
133,250
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reported that chitosan-TBA conjugate matrix tablet loaded calcitonin (linear polypeptide 

hormone that acts to reduce blood calcium) demonstrated that oral administration of the 

chitosan-TBA tablet led to a significant reduction in the blood calcium level of rats for at 

least 12h. Thiolated chitosans seem to be useful not only as oral delivery systems but also for 

other non-invasive carriers of peptide drug administration, i.e., the nasal, vaginal, buccal and 

ocular mucosas are interesting targets. In order to improve the bioavailability of peptide or 

protein drugs administered via mucosal routes, the enhanced permeation property of thiolated 

chitosan is attractive for the delivery system. Kast et al.
251

 designed a chitosan-TGA 

bioadhesive vaginal drug delivery system for clotrimazole. The adhesion on vaginal mucosal 

tissue was significantly improved with 26x greater adhesion time of chitosan-TGA on 

vaginal mucosa than unmodified chitosan. 

Another interesting application of thiolated chitosans is their use in tissue engineering. 

The expanding field of tissue engineering applications has accelerated the need for materials 

which are tissue compatible, biodegradable and with mechanical properties similar to the 

target tissues. Biodegradable and biocompatible polymers have been attractive candidates for 

scaffolding materials because they eventually degrade as the new tissues are formed, without 

inflammatory reactions or toxic degradation. Recently, Kast et al.
252

 demonstrated the 

biodegradability of thiolated chitosan, paving the way for its use as novel scaffold material. 

Further, studies in this direction were performed with L-929 mouse fibroblasts seeded onto 

chitosan-TGA sheets. The results of this study showed that thiolated chitosan can provide a 

porous scaffold structure guaranteeing cell anchorage, proliferation and tissue formation in 

three dimensions.  
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6.1 Introduction 

An important feature of thiolated chitosans is the in situ gelling property. The 

crosslinking process of thiolated chitosan occurs due to the oxidation of thiol groups at the 

physiological pH values of 5-6.8, which results in the formation of inter- and intramolecular 

disulfide bonds. The in situ gelling behavior of thiolated chitosans has been characterized in 

vitro by rheological measurements.
109,110

  

Bernkop-Schnurch et al.
109 

characterized the in situ gelling behavior of chitosan-TBA 

conjugates with different ratios of immobilized TBA to chitosan (Figure 6-1). The 

rheological measurements showed that the sol-gel transition of the chitosan-TBA conjugate 

was completed at the physiological pH of 5.5 after 2 hours
 
when highly crosslinked gels were 

formed along with a significant decrease in the thiol group content within the polymers, 

indicating the formation of disulfide bonds.
 
Rheological investigation of thiolated chitosans, 

furthermore, demonstrated a clear correlation between the total amount of introduced thiol 

groups and the increase in elasticity of the formed gel. The more thiol groups that were 

immobilized on chitosan, a higher increase in elastic modulus in solutions of thiolated 

chitosan was observed.
109,110
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Thiolated chitosan derivatives, therefore, seem to be promising new excipients for 

liquid or semisolid formulations, which should stabilize themselves once applied on the site 

of drug delivery. One requirement for drug delivery systems is a prolonged residence time of 

the drug administered at the delivery site. A very promising strategy to achieve this is to 

increase the viscosity of a drug formulation based on in situ gel formation of a thiolated 

chitosan matrix. Moreover, the in situ crosslinking within the pH range of 5-6.8 would make 

it possible for thiolated chitosans to be applied on vaginal, nasal, and ocular mucosa.  In 

addition, the in situ gelling properties of thiolated chitosans would provide a new type of 

tissue scaffold material.
252

 When a liquid thiolated chitosan cell suspension is injected at the 

site of tissue damage, it rapidly becomes a gel as it is contacted by oxygen (disulfide 

formation by oxidation occurs).  

Figure 6-1 Effect of the oscillatory frequency on the storage modulus G’ (●) and the loss modulus G” 

(▲) of a 1.5% (m/v) chitosan-TBA conjugate solution at the beginning of the observation period (a) 

and after 2h at pH 5.5 and 37˚C (b).
109  



 

156 

6.2 Materials and Methods 

6.2.1 Preparation of Chitosan-L-Cysteine Derivative 

Chitosan of 1g (312 kDa, 96%DD) was dissolved in 1.0 wt % acetic acid of 100 mL 

to prepare chitosan/acetic acid solution of 1 % (w/v). The solution pH was raised to ~5 by 1N 

NaOH. L-cysteine (3 g, bioreagent ≥98%) was dissolved in 50 mL of deionized water, then, 

1.48 g of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDAC HCl, 

crystalline) (150 mM in final concentration) was added as a coupling agent to the L-cysteine 

solution and it was kept stirring for 20 minutes. The solution pH was set to 5 by 1N NaOH. 

The carboxyl groups of L-cysteine are activated by EDAC, the L-cysteine solution and the 

chitosan solution were mixed and incubated with continuous stirring for 6h at room 

temperature. After 6h, 1N NaOH was added gradually until a white precipitate was obtained. 

Then, the precipitate was filtered, washed by deionized water, and dried in the vacuum 

desiccator. The reaction scheme is shown in Figure 6-2. All chemicals were purchased from 

Sigma Aldrich.  

 

Figure 6-2 Synthetic scheme of chitosan-L-cysteine by a reaction coupled with 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide hydrochloride (EDAC HCl).  

1. 1% CH3COOH aq. 

2. EDAC+L-cysteine (pH5) 
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6.2.2 Preparation of Chitosan Derivative Solutions 

Chitosan and the chitosan derivative solutions were prepared by following the 

methods of Section 4.2.1. 

 

6.2.3 FTIR Spectroscopy 

The same equipment and the procedure described in Section 2.3.2 were used. 

 

6.2.4 Rheological Tests on Chitosan Derivatives/Blood Mixture 

The rheological tests were carried out by following the methods described in Section 

4.2.4. 

 

6.3 Results and Discussion 

6.3.1 Characterization of Chitosan-L-Cysteine by FTIR  

The structure of the prepared chitosan-L-cysteine conjugate was confirmed by FTIR. 

The IR spectra of the unmodified chitosan and chitosan-L-cysteine are shown in Figure 6-3 

and 6-4, respectively. Comparing to the spectrum of the unmodified chitosan in Figure 6-3 

(ref. Section 2.4.1), the derivative shows a single peak at 3363 cm
-1

 that is assigned for N-H 

stretching vibration. The peak at 2905 cm
-1

 is attributed to C-H stretching. The Amide I 

(C=O stretching) band appears at 1622 cm
-1

. The strong band at 1582 cm
-1

 and 1486 cm
-1

 are 

attributed to N-H bending of a primary amine and a secondary amide, respectively. L-

cysteine has a free amino group in its structure. Since the unmodified chitosan exhibited only 
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one N-H bending band, these two peaks that appeared in the derivative’s spectrum, 

confirmed the modification of chitosan with L-cysteine. Moreover, the strong peak at 1408 

cm
-1

 with a shoulder at 1382 cm
-1

are assigned for CH2 bend and the peaks at 1338 cm
-1

 and 

1249 cm
-1

 indicate CH3 bending and C-N stretch, respectively. In addition, the peaks at 1149 

cm
-1

, 1081 cm
-1

, and 1036 cm
-1

 are attributed to asymmetric and symmetric C-O-C stretches 

and C-O stretch. Finally, the peak at 1193 cm
-1

 should be the C-S adsorption.  

 

 

 

 

 

 
Figure 6-3 FTIR spectrum of the chitosan sample used in this study. 
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Figure 6-4 FTIR spectrum of the chitosan-L-cysteine sample used in this study. 
 

 

 

 

6.3.2 Gelation of Chitosan-L-Cysteine Derivative and Blood 

In this work, one of the thiolated chitosan derivatives, chitosan-L-cysteine conjugate, 

was prepared and its interaction with the whole blood under the same procedure done on the 

CIA derivative was investigated. As mentioned in Chapter 1, the thiolated polymers are able 

to form disulfide crosslinkings between cysteine-rich subdomains of mucus glycoproteins by 

an oxidation process between free thiol groups and/or thiol disulfide exchange reactions, 

providing the mucoadhesive properties. This could be another candidate that is capable of 

crosslinking covalently with cysteine residues in blood proteins. In order to check its effect 
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on the blood gelation and to compare the results with those of CIA, the rheological 

experiments were carried out on chitosan-L-cysteine derivative.  

Following the previous procedure, the Na-citrated bovine whole blood of 0.8 mL was 

mixed with chitosan-L-cysteine/0.3M AcOH solution of 1 mL (0.02 g in 0.3M acetic acid 

aqueous solution) and the dynamic oscillatory tests were conducted under a constant stress 

(frequency sweep and time sweep). Figure 6-5 shows the result of the frequency sweep test, 

by changing the frequency from 0.01 Hz to 100 Hz under the constant oscillatory stress of 

0.2 Pa and at 37˚C. The result indicates that the mixture exhibits a solution property at low 

frequencies and turned to an elastic gel with the increase in the frequency as well as seen in 

CIA/whole blood mixture. In addition, a time sweep test under a constant stress of 0.2 Pa and 

frequency of 0.1 Hz at 37 ˚C was conducted. The results are summarized in Figure 6-6 and 

Table 6-1. The changes in G’ and G” over time explain the phase transition from a liquid into 

a gel and the clear crossover of G’ and G” (G’ > G”) was observed after 35 minutes of 

mixing. Compared with the result of CIA under the exact same condition (red symbols in 

Figure 6-6), the time to reach the crossover point was approximately 2.5 times slower for 

chitosan-L-cysteine/blood mixture, however, the stable gel state was achieved after 40 

minutes. Although it does not induce the rapid gelation as seen in CIA, these results indicate 

that chitosan-L-cysteine derivative has the ability to interact with the blood protein, 

specifically sulfhydryl compounds in the blood, giving a potential as a hemostatic agent. The 

synthesis of chitosan-L-cysteine followed the same procedure to prepare CIA. However, L-

cysteine easily bonds with itself as the cystine dimer. Therefore, the substitution ratio of 

cysteine residue against amino groups of chitosan might not be high enough for inducing 
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blood gelation. The modification of the synthesis process would lead to an enhancement of 

its effect against the blood. 

 

 

 

 
Figure 6-5 The elastic modulus (G’) and the viscous modulus (G”) versus frequency at 0.2 Pa, 37˚C for 

the chitosan-L-cysteine/Na-citrated bovine whole blood mixture sample. 
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Figure 6-6 The elastic modulus (G’) and the viscous modulus (G”) versus time at 0.2 Pa, 0.1 Hz, 37˚C for 

the chitosan-L-cysteine/Na-citrated bovine blood mixture sample (blue symbols), the CIA/Na-citrated 

bovine blood mixture sample (red symbols). 

 

 

 

 

 
Table 6-1 Gel time of the chitosan-L-cysteine/, CIA/, and unmodified chitosan/Na-citrated whole bovine 

blood systems at 37 ˚C 

Sample Time (min) at 

G”/G’ = 2 
Time (min) at 

G”/G’ = 1 

Time (min) at 

G”/G’ = 1/2 

CIA/whole blood 8.30 15.01 26.30 

Chitosan-L-cysteine/whole 

blood 

8.23 35.55 41.07 

Chitosan/whole blood 23.10 39.87 67.21 

1.00E-03

1.00E-02

1.00E-01

1.00E+00

1.00E+01

1.00E+02

0 50 100

G
',

 G
"

 (
P

a
) 

Time (min) 

G' for chitosan-L-cys+whole

blood
G" for chitosan-L-cys+whole

blood
G' for CIA+whole blood

G" for CIA+whole blood



 

163 

 Next, Figure 6-7 shows the change in complex viscosity (η*) over time for chitosan-

L-cysteine/blood mixture and CIA/blood mixture. The steeper increase in the viscosity upon 

mixing was observed for the CIA/blood sample. On the other hand, it took 30 minutes for 

chitosan-L-cysteine/blood sample to increase its viscosity. Also, the viscosity value after 120 

minutes was approximately three times higher for CIA derivative, compared with chitosan-L-

cysteine derivative. 

 

 

 

 
Figure 6-7 Complex dynamic viscosity versus time for chitosan-L-cysteine/Na-citrated whole blood 

mixture and CIA/Na-citrated whole blood mixture. 
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6.3.3 In situ Gelling of Chitosan-L-Cysteine Derivative 

Next, in situ gelling of chitosan-L-cysteine conjugate was tested. As a thiolated 

polymer, chitosan-L-cysteine derivative was expected to undergo inter- and intramolecular 

interactions, followed by its own self-gelation. The result is shown in Figure 6-8. Chitosan-L-

cysteine in 0.3M AcOH (2 wt%) was prepared and the solution pH was raised to 5-5.5 by 1N 

NaOH right before the rheological test was done. In contrast to the expectation, in situ 

gelation was not observed. The pKa value of free thiol groups is known to be ~8-9 and 

minimum value of 5 is needed to make them become thiolated anion form (SH
-
). After 

stopping the measurement, white precipitations were found in the sample solution. The L-

cysteine residues in the derivative apparently turned into the insoluble cystine dimer form 

and separated out of the solution.  
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Figure 6-8 The dynamic rheological data for the elastic modulus (G’) and the viscous modulus (G”) 

versus time for the 2 wt% chitosan-L-cysteine/0.3M AcOH.  

 

 

 

 

 

6.3.4 Rheology of CIA and Chitosan-L-Cysteine 

Assuming the reaction occurs between iodoacetic acid and thiol groups, the CIA 

derivative and chitosan-L-cysteine derivative were studied in terms of their interaction with 

each other. The rheological measurement was carried out on the solution mixture of the two 

derivatives. As shown in Figure 6-9, the gelation behavior between these two derivatives was 

not observed in 0.3M acetic acid solution of pH ~3 during the entire measurement of 120 

minutes.  
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Figure 6-9 The dynamic rheological data for the elastic modulus (G’) and the viscous modulus (G”) 

versus time for the two samples. The CIA solution/chitosan-L-cysteine solution mixture (red symbols) 

shows the continuous liquid state (G’ < G”) and no changes in the viscosity over entire measurement time. 

The CIA solution itself (black symbols) remains the liquid state although the increase in the viscosity over 

time is seen. 

 

 

 

 

Since the pH value seemed not to be sufficient to cause the reaction between them, 

the solution pH was raised to 5-5.5 by addition of 1N NaOH solution and the same 

measurement was repeated, as shown in Figure 6-10. As a result, the gelation behavior was 

not yet observed at this pH value, either. After the measurement was stopped, the white 

precipitates were found in the tested sample, which is the reason why the obtained data was 

erratic. This might be cystine dimers formed by the inter-molecular interaction of cysteine 

moieties. The result suggests that the inter-molecular interaction of chitosan-L-cysteine 
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would happen more easily than the reaction between iodoacetic acid and cysteine residues. 

Moreover, no changes in the viscosity were seen at the two different pH values, suggesting 

that a higher reactivity of both derivatives is required. As a possible improvement, the 

increase in the concentrations of sample solutions is worth trying. In addition, the amounts of 

both iodoacetic acid and L-cysteine residues introduced into chitosan were around 4~6 wt%, 

suggesting that the number of crosslinks formed between them is not enough to achieve 

sample-spread crosslinking system that holds its flow up. The higher degree of substitution of 

the derivative would be a solution about this. In this research, chitosan-L-cysteine was 

focused on, since the reaction between iodoacetic acid and cysteine is a key reaction over the 

entire study. Other thiolated chitosans, however, would be interesting candidates. 

 

 

 



 

168 

 
Figure 6-10 The dynamic rheological data for the elastic modulus (G’) and the viscous modulus (G”) 

versus time for the three samples. The CIA solution/chitosan-L-cysteine solution mixture at pH 3 (red 

symbols), CIA solution/chitosan-L-cysteine solution mixture at pH 5 (blue symbols), and CIA solution 

itself (black symbols).  

 

 

6.4 Conclusion 

In this chapter, the rheological properties of a thiolated chitosan have been tested. 

Thiolated chitosans bear free thiol groups on the backbone chain of chitosan. This gives them 

the possibility that they may be candidates that cause interaction with sulfhydryl compounds 

in the blood. In order to compare to CIA in terms of the induced rapid clots formation, 
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a considerable increase in complex viscosity although it took 2.5 times longer to reach the gel 

state than the CIA/whole blood mixture. Nevertheless, there is a potential for chitosan-L-

cysteine that a modification of the synthesis process to yield higher introduction of L-

cysteine residue would develop a more effective system that interacts with blood proteins. 

The advantage of chitosan-L-cysteine is that it can interact not only with free thiol groups (-

SH) by oxidation but also with disulfide groups (-S-S-) by disulfide exchange reaction, which 

enhances the points of interaction between the derivative and the proteins. 

Rheological measurements were obtained on mixed CIA and chitosan-L-cysteine 

solutions. Theoretically, the iodoacetic acid moiety and thiol group of L-cysteine react with 

each other, forming hydrogen iodide (HI) as a side product. In conclusion, no gelation 

behavior occurred upon the mixing of two solutions at either pH 3 or pH 5. The self-gelation 

of chitosan-L-cysteine derivative was not observed as well. Bernkop-Schnurch et al.
109

, 

however, reported the in situ gelling properties of chitosan-TBA, thus, there is a potential for 

a reaction between them.  Hintzen et al.
253

 investigated the effect of molar mass on in situ 

gelling properties of thiomers and concluded that low molar mass thiomers in a high 

concentration are most suitable for in situ gelling systems. The improved substitution ratio of 

L-cysteine moiety into chitosan might give a better result. 
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CHAPTER 7 

7 Conclusions and Recommendations for Future Work 

In Chapter 1 the concept of this study was discussed. Many current hemostatic wound 

dressings mainly attempt to absorb blowing blood and body fluids, but do not get actively 

involved with the physiological blood coagulation factors. A recent promising approach has 

adopted the self-assembly of a synthetic peptide into a nano-fibrous network, however, the 

synthetic peptides are expensive and difficult to synthesize. The objective of this study is to 

propose a novel hemostatic system based on chitosan that induces blood clot formation by 

simultaneous gelation of blood via the chemical crosslinking with sulfhydryl compounds in 

the blood. For this purpose, several chitosan derivatives were chosen as candidates for the 

new hemostat matrices, which are thiolated chitosans and chitosan-iodoacetamide (CIA). The 

iodoacetic acid is known as an irreversible inhibitor of all cysteine peptidases with the 

mechanism of inhibition occurring from alkylation of the catalytic cysteine residue. Based on 

this feature of iodoacetic acid, this study focused on forming strong chemical bonds between 

CIA and cysteine residues in the blood protein, trying to achieve the formation of three-

dimensional crosslinked network that transforms a liquid blood into an elastic gel. A series of 

rheological measurements were conducted to understand the rheological behavior of the 

blood protein and the chitosan derivative hemostat and resultant induced blood coagulation 

mechanism. 

In Chapter 2, several characterization tests were first carried out on the chitosan 

sample. 
1
H NMR and FTIR, and conductometric titration demonstrated that the chitosan used 
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is highly deacetylated and the calculated degree of deacetylation was 96%. Also, the 

viscometry revealed that it has a molecular weight of 312,000 g/mol. Through the entire 

project the same chitosan sample was used. Next, the CIA conjugate was synthesized through 

the reaction of amino group of chitosan at C-2 position and carboxyl group of iodoacetic acid, 

as coupled by EDAC. This is a novel form of chitosan not previously reported. Also, some 

research groups have successfully reported the synthesis of chitosan-sulfhydryl conjugates, 

such as chitosan-TGA and chitosan-TBA. The same synthesis mechanism was applied to 

prepare CIA conjugate. 
1
H-NMR and FTIR confirmed the introduction of iodoacetic acid 

moiety into the chitosan. In addition, elemental analysis clarified the amount of introduced 

iodoacetic acid moiety is in the range of 4 wt% to 10 wt%. According to the higher solubility 

in 0.3M aq. acetic acid and its better ability to induce rapid blood gelation, a CIA derivative 

with the degree of substitution of 4 wt% was used in this study. Further work would be 

helpful to investigate the relationship between the amount of introduced iodoacetic acid 

contents and the degree of the induced blood gelation. If assumed that considerable amounts 

of iodoacetic acid content are needed for the desired chemical crosslinking between the 

derivative and sulfhydryl compounds in the blood, a better synthesis procedure would be 

required to maximize the reaction between chitosan and iodoacetic acid and introduce as 

much iodoacetic acid contents as possible. 

In Chapter 3, the proof of reactivity between iodoacetic acid and cysteine was 

presented since the reaction between them is crucial for this study in order to create sulfur 

crosslinks between the CIA derivative and sulfhydryl compounds existing in blood. 

Theoretically, cysteine bonds with iodoacetic acid, resulting in the side product HI. First, 
1
H-
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NMR was attempted on the mixed solution of L-cysteine and iodoacetic acid. As a result, the 

NMR result could not exactly confirm the reaction occurred since the two compounds bond 

to each other by forming sulfide bonds and the magnetic environment of existed protons does 

not change even after the reaction. 
13

C NMR would be worth trying, it could give us 

additional useful information to prove the reaction. Consequently, mass spectrometry was 

attempted as well. The obtained result successfully demonstrated the presence of the reaction 

product in the mixed solution. As was expected, this reaction proceeded smoothly at alkaline 

condition (pH 8.5), associated with the formation of intermolecular disulfide bonds of L-

cysteine and the resultant cystine dimers. What is more, the reactivity at physiological pH 

was tested in the same way and revealed that the reaction between iodoacetic acid and L-

cysteine is still favorable at physiological conditions. 

 In Chapter 4, a series of dynamic oscillatory measurements and steady shear 

measurements were carried out to investigate the rheological behaviors of CIA/Na-citrated 

whole blood samples. As observed, the dynamic viscosity of the whole blood increased by 

addition of CIA derivative solution with several interesting findings. First, the gel point 

highly depended on the derivative content in the total mixture. Approximately three times the 

blood volume against the derivative solution volume was required for the most rapid blood 

gelation. At present, the formed clot returned to the liquid state after several hours, indicating 

the crosslinking is not very strong to support the sample-spanned gel network over hours. For 

the purpose of mixing with the blood, the derivative was dissolved in 0.3M AcOH. This 

acidic condition might be an inhibition for the reaction between iodoacetic acid residue and 

sulfhydryl residue to proceed. Finally, the substitution ratio of iodoacetic acid on chitosan 
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would be another parameter. In general, the higher introduction of iodoacetic acid content 

leads to an increase in the crosslinking points, resulting in the stronger interaction between 

the derivative and blood. On the other hand, it decreases the solubility and cationic feature of 

chitosan. Further studies are needed to clarify the best substitution ratio that will cause the 

interaction with blood proteins to be at a maximum extent. 

In Chapter 5, the detail mechanism of how the CIA derivative works to induce the 

observed blood gelation, was studied. First of all, the necessary factors for the observed 

enhanced blood coagulation were clarified. The whole blood was separated into the cells and 

the plasma, then, they were mixed with CIA solution, respectively, and the rheological 

measurements were carried out. As a result, the presence of the blood cells is found 

necessary for clot formation. The plasma mixed with the derivative solution never reached 

the gel state. The separated cells which re-suspended in PBS could exhibit the gelation with 

the derivative solution as well, although the rate was much slower. This result indicates that 

the CIA derivative works independently of the natural coagulation pathways. Moreover, 

certain amounts of the whole blood were replaced with the deionized water then mixed with 

the derivative solution, and the same rheological measurements were done in order to 

investigate the need of the coagulation factors that exist in the plasma for the induced blood 

gelation. In contrast to the expectation, an increased gelation rate was observed for lower 

plasma concentration samples. The protein concentration of the samples were decreased with 

the addition of water, therefore, the gelation rate should be principally reduced by replacing 

blood with water. Also, the effect of water on the osmotic pressure of the blood cells needs to 

be considered. Furthermore, the need of fibrin for the complement of blood coagulation was 
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demonstrated. The blood from which fibrin was removed in advance, still demonstrated 

blood gelation, suggesting the  interaction between the derivative and blood cells is important 

for this gelation. 

 In Chapter 6, chitosan-L-cysteine conjugate, a thiolated chitosan, was synthesized and 

its rheological properties were tested. First, we assumed that the induced blood coagulation 

observed for CIA derivative would be caused by the covalent crosslinking between the 

derivative and sulfhydryl groups in the blood. If this assumption is correct, chitosan-L-

cysteine derivative also may interact with the blood via disulfide crosslinking formation with 

the sulfhydryl compounds in the blood. As a result of the rheological measurements, 

chitosan-L-cysteine also caused blood gelation. However, the detailed mechanism for the 

observed increased blood viscosity was still unclear. In order to clarify this, CIA and 

chitosan-L-cysteine were mixed and rheological measurements were carried out. In contrast 

to the expectation, two solutions mixture did not show any gelation behaviors. Some 

numbers of crosslinks must have been formed, but the formed crosslinking networks were 

not enough to span the volume of the liquid medium of the mixture since the substitution 

ratio of amino groups of chitosan with iodoacetic acid and/or L-cysteine was limited. In the 

same way, in situ gelation of chitosan-L-cysteine could not be observed. We still believe that 

the covalent crosslinking formation between the chitosan derivatives and the sulfhydryl 

compounds in the blood is possible, judging from the results of mass spectrometry in Chapter 

3 and the rheological measurements on the derivative/whole blood mixtures in Chapter 4. 

Also, several groups reported on the gelling behaviors of thiolated chitosans. Further studies 

would be needed to confirm the gelling mechanism and expand the future applications. 
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However, very early work
202,203

 indicates that many of the  native protein sulfhydryl groups 

are inhibited, somehow, and are not reactive with iodoacetic acid. This is in contrast to the 

reactivity of sulfhydryl groups found in the reactive sites of many enzymes. Sulfhydryl 

compounds in denatured blood serum proteins, such as albumin, heat treated at 100˚C or with 

hydrogen bonding disruptors such as urea, have much greater reactivity against iodoacetic 

acid. This distinction between these groups needs further study. 

In the future, further studies that elucidate a more accurate mechanism for the 

enhanced blood coagulation are necessary. As a next step, in vivo tests that allow us to test 

the hemostats with non-coagulated fresh blood would be highly recommended. Also, the 

model blood solutions, such as BSA solution and cysteine solution, are useful to further 

clarify the reaction between iodoacetic acid and the sulfhydryl compounds. In terms of this, 

the chemistry of the denatured proteins and iodoacetic acid should be studied. 

In this study, several batches of the CIA derivative were obtained, however, one that 

has an ability to cause a strong and rapid blood gelation is still sought. The control of 

substitution ratio of iodoacetic acid moiety with the amino group at the C-2 position of 

chitosan would be an approach to synthesize a derivative with the desired properties. 

Moreover, the detailed study on the relationship between the amount of introduced iodoacetic 

acid moiety and blood gelation would be helpful. The prepared CIA is insoluble in water, this 

is why, 0.3M acetic acid was used to make its solution. In terms of higher reactivity of 

iodoacetic acid moiety at slightly alkaline condition and considering the biocompatibility of 

the hemostat system, a water-soluble chitosan derivative would be promising. Thiolated 
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chitosans have further hopeful properties that are worth studying, not only for wound healing 

but for mucoadhesiveness and enhanced permeability.  

Other water soluble polymers could be candidates for this approach to hemostasis. 

For a first-aid wound dressing, any matrices that absorb quickly the running blood and body 

fluid is required at the same time as the positive enhancement of the clots formation. The 

remarkable feature of PVA is its high water absorption. The combination of PVA and 

iodoacetic acid would be a promising candidate for a great hemostatic wound dressing 

material. Additional mechanical and rheological experimentation on this is desired. 
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Appendix A Poly(vinyl alcohol) (PVA)-Iodoacetyl Ester 

A hydrogel matrix, which is a three-dimensional structure, is generally made up of 

hydrophilic polymers, such as poly(vinyl alcohol)(PVA), poly(vinyl pyrrolidone), 

poly(acrylic acid), etc. and holds significant amount of water in its porous structure. PVA is 

one of the most widely studied hydrophilic polymers that is soluble in water where the 

optimum conditions for dissolutions are primary governed by the degree of hydrolysis, 

molecular weight, particle size distribution, and crystallinity. PVA hydrogel is preferable due 

to its greater biocompatibility, as well as industrial adaptability for large scale manufacture 

and environmental friendly disposal. On the other hand, it has low mechanical strength and 

thermal stability. In order to improve its properties and increase the potential use of PVA, 

chemical modifications have been performed by various methods. Esterification of PVA by 

reaction with various acid chlorides or acid anhydrides to develop functional materials is one 

route. As a potential hemostatic wound dressing material, its hydrophilicity is useful to 

absorb the running blood. Moreover, iodoacetic acid has been successfully demonstrated to 

interact with sulfhydryl compounds. For this purpose, PVA-iodoacetyl ester derivative was 

prepared via esterification of PVA with iodoacetic acid and its potential to cause enhanced 

blood clots formation was preliminarily studied. In contrast to chitosan derivatives that have 

ionic interactions with the negatively charged blood cells, this derivative would be a good 

candidate to evaluate the covalent interaction of iodoacetic acid residue with the blood serum 

proteins and blood cells, eliminating the ionic interaction. 
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A-1 Esterification of PVA with Iodoacetic acid 

PVA 2g (45.5 mmol repeat units, Aldrich 87~89% hydrated, MW=124000-186000) 

was dissolved in 100 mL deionized water, heated to 80˚C, to make a 2 wt%  PVA aqueous 

solution. Iodoacetic acid 1.7g (9.12 mmol, ≥ 99.0% Sigma-Aldrich) was dissolved in 40 mL 

of 7N HCl. The iodoacetic acid solution was added dropwise into PVA solution over 20 

minutes. The reaction was conducted for 12h at 80˚C. After 8h, the reacted solution was 

slowly poured into methanol. The obtained white precipitate was filtered, washed repeatedly 

by methanol, and dried under free from moisture at room temperature. 

 

A-2 Characterization by FTIR 

Figure A-1 and A-2 show the FTIR spectra of modified PVA and the prepared PVA-

iodoacetyl ester, respectively. In Figure A-1, a very strong and broad O-H stretch vibration 

appears at 3360 cm
-1

. The peaks between 2930 cm
-1

 and 2850 cm
-1

 are typical C-H stretching 

vibrations. The sharp peak at 1732 cm
-1 

appears, which is due to C=O stretch of an ester 

group of unhydrolyzed polyvinyl acetate repeat unit. The PVA used in this experiment has 

the degree of hydrolysis of 85-87%. Also, the peak at 1427 cm
-1

 is attributed to C-OH 

stretching vibration. In Figure A-2 of the derivative spectrum, the strong broad peak of OH 

group still appeared at 3340 cm
-1

. Also, C-H stretching vibration bands were observed at 

2946 cm
-1

 and 2839 cm
-1

. The peaks at 1251 cm
-1

 and 1092 cm
-1

 are assigned for C-O-C 

stretch of the vinyl acetate units and C-O stretch of the vinyl units, respectively. On the other 

hand, the sharp peak of C=O stretch of vinyl acetate at 1732 cm
-1

 disappeared, while a new 
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peak appeared at 1652 cm
-1

, which is due to C=O stretch of the introduced ester groups via 

the reaction with iodoacetic acid. The iodo group shifts the C=O peak to this lower value. 

The weak peak of C-OH stretching appeared at 1418 cm
-1

, indicating some OH groups of the 

vinyl units were used for the reaction.  

 

 

 

 

 

Figure A-1 FTIR spectrum of PVA sample used. 
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Figure A-2 FTIR spectrum of prepared PVA-iodoacetyl ester sample. 
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Appendix B Reactivity between CIA and BSA 

This study demonstrated that the CIA is capable of inducing the rapid clot formation 

of whole blood. The mechanism of the observed rapid clot formation is assumed to result 

from the interaction between CIA and blood serum protein, especially at cysteine residue site. 

For the purpose of confirming this, albumin, which is contained in the blood serum at a rate 

of 4.4~5%, was tested on its reaction with CIA. The native albumin, nevertheless, has been 

reported to exhibit the less reactivity for iodoacetamide and iodoacetate.
201,202 

On the other 

hand, these studies stated that it took only three hours to complete the reaction between 

denatured albumin and iodo-compounds. Moreover, the denatured albumin contains 0.55% 

of free cysteine that is available for the reaction. This finding indicates that the denatured 

albumin is worth trying as a model blood to demonstrate the interaction between CIA and 

cysteine (or other sulfhydryl compounds) in the blood through sulfide bonds formation. 

 

B-1.1 Preparation of Denatured Albumin 

Bovine serum albumin (BSA, ≥98% Sigma-Aldrich) was dissolved in 0.05 N HCl to 

prepare a 5 wt% solution. Then, this solution was added into 10 times volume of acetone 

containing 0.2 wt% of 5N HCl under stirring. The white precipitate was washed by acetone. 

 

B-1.2 Preparation of CIAsolution and Denatured BSA solution 

2 wt% of CIA/0.3M AcOH (0.5mL) was mixed with 4wt% BSA aq. (1mL). The 

solution pH was then raised to ~7 by 1N NaOH. This mixture was incubated in 37˚C water 
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bath for 3 hours. In the same manner, 2 wt% of chitosan/0.3M AcOH mixed with 4 wt% 

BSA aq. and 2 wt% of CIA/0.3M AcOH itself without the BSA aq. were prepared and 

incubated as controls.  

 

B-2 Reaction between CIA and Denatured BSA 

In order to study the reactivity of the denatured BSA toward the CIA, both solutions 

were mixed and reacted for 3 hours at pH~7, 37˚C. Figure B-1 shows pictures of the reaction 

mixture at each point. The mixture was totally miscible before the pH was raised (the 

solution originally showed the pH value of 5.5), on the other hand, a white precipitate started 

appearing right after 1N NaOH was added to the mixture until the pH reached 7. After the 

incubation for 3 hours, the precipitate was separated from the solution. Two controls, 

unmodified chitosan solution mixed with the BSA solution and CIA solution only, also 

formed gel-like precipitates after raising their pH values. However, the obtained precipitates 

were more like wet and clear gels and different from that obtained from the CIA/BSA 

mixture, as showed in Figure B-2. Also, the precipitate from CIA/BSA could not be 

dissolved in 0.3M AcOH any longer, suggesting this would be a reaction product between the 

CIA and the denatured BSA. These results indicate that CIA is capable of reacting with the 

denatured BSA, possibly through iodoacetic acid residue and sulfhydryl compounds in BSA.  
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The reactivity of CIA and the denatured BSA was furthermore, studied by a 

colorimetric analysis. As described earlier, iodoacetic acid residue is supposed to get 

involved in the reaction against the sulfhydryl groups releasing HI, thus, the presence of the 

reaction might be confirmed by using a soluble starch solution. In fact, the clear CIA/AcOH 

with a starch solution turned to exhibit a blue color when H2O2 (an oxidant) was added. This 

is considered that iodide ions in CIA derivative were oxidized and formed free iodine 

Figure B-1 Photographs of 2 wt% CIA/0.3M AcOH (0.5 mL) mixed with 4 wt% denatured 

BSA aq. (1 mL); before pH was raised (left), right after pH was raised to 7 (middle), and after 

incubated for 3h at 37˚C (right). 

Figure B-2 Photographs of 2 wt% Chitosan/0.3M AcOH (0.5 mL) mixed with 4 wt% 

denatured BSA aq. (1 mL) (left), 2wt% CIA/0.3M AcOH (0.5 mL) (right) after incubation 

for 3h at 37˚C. 
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molecule, which slides into amylose coil and give the characteristic color. This blue color of 

the CIA solution disappeared by adding the BSA aq. solution. On the other hand, the 

CIA/BSA mixture after 3 hour-reaction did not exhibit the blue color with starch and H2O2 

although the solution showed slightly yellow color (Figure B-3). This is different from what 

was expected that the mixture solution would turn to the blue color again due to the presence 

of reaction product, HI.  

 

 

 

 

 

 

 

 

 

 

 

The depth of the blue of starch-iodine complex is a function of the starch (or iodine) 

concentration. Specifically, I2 reacts with I
-
 to yield a soluble triiodide ion, I3

-
. This triiodide 

ion is embedded inside of the starch chain, forming a non-covalent starch-triiodide complex, 

which gives a blue-black color. That is, only iodine element in the presence of iodide ion 

Figure B-3 Photographs of 2 wt% CIA/0.3M AcOH (0.3 mL) mixed with starch aq. and H2O2 (0.2 

mL) (left), 2 wt% CIA/0.3M AcOH (0.1 mL)/4 wt% denatured BSA aq. (0.275 mL) after 

incubation for 3 h at 37˚C, then, starch aq. and H2O2 (~0.8 mL) was added (right). 
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gives the characteristic color. Neither iodine element alone nor iodide ions alone gives the 

color. Since HI is supposed to be oxidized to I2 by added H2O2, the sample solution seems to 

lack the iodide ions. Thus, the yellow color indicates that iodide ions in the CIA would 

perfectly have reacted with the sulfhydryl compounds in the denatured BSA and no iodide 

ions were remained in the CIA units. Another experiment was carried out to demonstrate this. 

In this experiment, 2 wt% CIA/AcOH solution was mixed with soluble starch aq. solution 

and H2O2, exhibiting the blue color. Next, 4 wt% BSA aq. solution was gradually added into 

the CIA solution. It caused the proportional disappearance of the color to the amount of 

added BSA solution (Figure B-4). With the increase in the BSA content, the iodoacetic acid 

residue in CIA was more likely to react with the sulfhydryl group in BSA, resulting in the 

less iodide ions remained in the solution and the disappearance of the blue color. This 

concludes that the CIA solution, that was reacted with BSA for 3 hours, did not give the blue 

color since the iodoacetic acid residues totally reacted with BSA and there were no iodide 

ions available to form I3
-
, consequently, I3

-
-starch complex. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B-4 Photographs of 2 wt% CIA/0.3M AcOH (0.3 mL)/ 4 wt% denatured BSA aq. mixed 

with starch aq. and H2O2 (0.2 mL); (a) 0 mL BSA, (b) 0.1 mL BSA, (c) 0.2 mL BSA, (d) 0.3 mL 

BSA, (e) 0.4 mL BSA. 

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


