
ABSTRACT 

INA, MARIA. Develop a More Biodegradable/Biocompatible Hemostatic Fabric for 

Treatment of Bleeding Wounds. (Under the direction of Dr. Samuel M. Hudson and Dr. 

Wendy E. Krause.) 

 

Hemostatic wound dressings help control traumatic external bleeding by enhancing or 

accelerating the natural clotting process through various physical reactions. Since the fatal 

traumatic hemorrhage remains one of the most challenging problems for both military and 

civilian medicine, efficient hemostatic wound dressings have been in high demand. Currently, 

several hemostatic dressings have been commercially available for acute hemorrhage, 

however, they still have some limitations in terms of cytotoxicity, biodegradability, 

sterilization, and cost performance. Thus, the development of effective biocompatible 

hemostatic dressings that overcome these limitations has been needed. The goal of this study 

is to investigate the potential application of Bombyx mori silk fibroin fibers as hemostatic 

wound dressings. 

First,  the silk fibers were treated with two kinds of neutral salt [calcium nitrate tetra-

hydrate (Ca(NO3)2 4H2O) and calcium chloride (CaCl2) ] / alcohol [methanol and ethanol] 

systems in order to decrystallize their!-sheet crystalline structure and improve the water 

absorbability and biodegradability. The decrystallization was carried out by controlling the 

solvent concentration and environment temperature. FTIR and X-ray demonstrated that most 

effective decrystallization of silk fibers were performed with the treatment in 50% (w/w) 

Ca(NO3)2 4H2O/methanol at 65", accompanying obvious decrease in the crystal size. Next, 

the blood clotting ability of the treated silk fibers was investigated by blood coagulation test. 

Even though any evident blood clot formation on the silk fibers was not confirmed during the 

test, the blood was separated into two phases and erythrocyte sedimentation was observed at 



different rate for each specimen. The silk fibers treated with most severe condition caused 

slower erythrocyte sedimentation compared with the non-treated silk fibers, suggesting less 

blood coagulation ability. Previously it has been reported that surface of silk fibroin fibers is 

hydrophobic and blood proteins interact with the silk fibroin through strong hydrophobic 

interaction. The obtained results suggest us that the decrease in hydrophobicity of the silk 

fibers surface due to decrystallization resulted in less interaction with blood proteins. Based 

on this result, we modified the silk fibers with sodium dodecyl sulfate (SDS) to give 

hydrophobic portion on the silk fiber surface. The difference in blood coagulation behavior 

between SDS-modified fibers and non-modified fibers was compared. 
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1. INTRODUCTION 

 

      Hemostasis is the physiological process to maintain the integrity of the vascular 

system by quickly causing the arrest of bleeding from injured blood vessels [1]. It is 

responsible for minimizing blood loss from the damaged vessels. The fatal traumatic 

hemorrhage remains one of the most challenging problems for both military and civilian 

medicine [2]. Currently, it has been reported that uncontrolled hemorrhage cause almost 50% 

of battlefield deaths [2, 3, 4] and 80% of civilian trauma deaths in the United States [2, 5]. 

This leads to the need of the development of effective hemostatic dressings that help control 

traumatic internal and external bleeding, like topical hemostatic wound dressings. The topical 

hemostatic wound dressings work by enhancing or accelerating the natural clotting process 

through various physical reactions between the dressings and blood. The ideal topical 

hemostatic dressings are required to have high hemostatic action, as well as in vivo 

biodegradability, ease of sterilization, low cost performance, and can be tailored to specific 

needs [6].  

Currently, several hemostatic dressings have been approved by the US Food and 

Drug Administration (FDA) for acute hemorrhage. The most commonly utilized dressings 

are the zeolite powder dressing “QuikClot®” and the chitosan wafer dressing “HemCon®”. 

Zeolite is a hard granule and it promotes rapid clotting by absorbing water molecules quickly 

from blood, leaving larger platelets and clotting factors behind to concentrate native 

coagulation elements at the site of vessel bleeding [2, 4, 6]. On the other hand, the chitosan 

dressing is a fairly rigid wafer that forms a mucoadhesive physical barrier at the site of injury. 
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HemCon® bandage, which incorporates chitosan as a hemostatic agent into a flexible 

bandage, becomes sticky when it contacts with blood or other moisture, and adheres to the 

wound site, sealing it [4]. HemCon® works through ionic interaction by drawing negatively 

charged red blood cells and platelets to the positively charged bandage, forming a clot and 

creating an anti-bacterial barrier that protects the wound from infection [4, 6]. However, 

these commercially available hemostatic dressings have some limitations, such as side effects, 

a lack of biodegradability, potential for bacterial infections, high cost performance, and 

hardness of the material [7]. For example, zeolites may cause major thermal injuries came 

from the exothermic reaction [2, 8-12], remain as foreign bodies in open wounds, and are 

toxic in the eye or lung [13]. In addition, HemCon® bandages are not large enough or 

sufficiently flexible to fill large wounds, and work best only on flat surfaces of limited area 

[6, 13].  A third product, the America Red Cross Fibrin Dressing (human blood fibrinogen) is 

highly effective but inadequate in availability. It costs $1000 per treatment, which is 100 

times over Quikclot® and 10 times over Hemcon® [13].  

Recently, it has been researched that the mixture of both these agents demonstrates 

successful hemostatic properties [2, 8-11]. A granular chitosan dressing Celox®, which is 

made of zeolite and chitosan, is reported as the newest hemostatic dressing and is non-

allergenic, non-exothermic, able to function in a hypothermic environment, and low in cost 

[2, 4]. It may work by interacting directly with red blood cells and platelets to form a cross-

linked barrier clot, independent of native coagulation factors. Overall, recent reviews suggest, 

however, that each hemostatic dressing has both drawbacks and benefits and that there is no 

single perfect hemostatic dressings that works for all cases of injures [2, 4, 14]. Therefore, 
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development of novel hemostatic agents that would overcome these limitations remains an 

interesting research topic. 

Many natural, synthetic and hybrid matrices have been developed to cover wound 

sites to replace lost tissue functions and support cell growth. For example, aliphatic 

polyesters, poly(lactic acid) and poly(glycolic acid) are versatile biomaterials, due to their 

biodegradability and biocompatibility [15-20]. Certain polyurethanes are reported as 

substrates having biocompatibility and the mechanical and physical properties necessary for 

a blood-contacting material [21-23]. On the other hand, natural substrates, such as adhesive 

proteins, have been studied extensively because of their excellent biocompatibility and 

bioactivity.  However, they have high cost difficulties for the establishment of a commercial 

product.  

Chitosan is one of the most attractive biomaterials for various biomedical applications 

due to its an antibacterial nature and biocompatible and biodegradable properties. It has been 

reported that chitosan-based hemostatic wound dressings have greater advantages over the 

other commercially available hemostatic dressings since they have rapid blood coagulation 

ability (thrombogenicity) as well as non-toxic, antigenecity, bioadhesiveness, and minimal 

foreign body reactions [24-26]. The chitosan hemostatic dressing, as patented, is relatively 

expensive (approximately $50-$100 per unit) since it is difficult to produce highly pure 

medical grade chitosan.  Other materials, including collagen, cellulose, or potato starch, have 

been studied as hemostatic wound dressing materials, but with limited success.   
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In this study, we pay attention to silk for another biocompatible representative natural 

polymer. Bombyx mori silk fibroin is a natural fibrous protein, mainly consisted of amino 

acids with small side groups, such as glycine, alanine and serine [13, 15]. In the past few 

years, there have been increasing interests in the use of silk fibroin in biomedical applications 

[27, 28] and biotechnological fields [27, 29-32] for the reason of its relatively ease of 

engineering and excellent mechanical strength in the wet condition [33], biocompatibility for 

the growth of cells [34], high oxygen and water [35, 36], and drug [37] permeability and 

resistance against enzymatic degradation [38]. These benefits contribute to its biomedical 

applications, such as surgical sutures [39], skin treatments [40], enzyme immobilization [41], 

wound dressing materials [42], substrate for cell culture [34], controlled drug-delivery 

carriers [43], and scaffolds for tissue engineering [33]. 

Silk fibroin can be dissolved and regenerated into desired useful forms, such as gel, 

film, fiber, powder, or non-woven [27, 45-47]. Previous studies on in vitro biodegradation of 

Bombyx mori silk fibroin reported that silk is susceptible to biological degradation by 

proteolytic enzymes, and the degradation behavior may be highly variable, depending on the 

structural and morphological features of the polymer (fiber, film, sponge), processing 

conditions, as well as characteristics of the biological environment, and presence of different 

mechanical and chemical stresses [48, 49].  

In spite of the promising features, however, the biomedical application of fibroin 

based biomaterials has still not been fully studied. Recently, the study to evaluate the 

inflammatory of fibroin films revealed that the macrophages, humoral immune component, 
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adhere to fibroin by filopodia without a complete spreading of the cells [42]. Furthermore, 

other research group reported the interaction of mouse fibroblast cells with the silk fibroin films. 

The pure silk fibroin film exhibited as high a cell attachment and growth as collagen [50]. In 

addition, some studies have been attempted to establish novel biomedical applications of silk 

fibroin by the modification or combination of silk fibroin with chitosan [44]. For the 

application for hemostatic wound dressings, the silk fibroin is required the ability of 

adsorption serum protein. It has previously been reported that the serum proteins, 

fibrin(ogen),  bind to the silk fibroin fibers and films at more hydrophobic !-sheet rich 

domains through the hydrophobic interaction [42, 51]. Furthermore, the serum protein 

adsorption onto the silk fibroin fabrics dramatically changed when the conformation of the 

silk fibroin is rearranged by engineering procedures [52]. These properties suggest that silk 

fibroin could be used as a useful material for hemostatic wound dressing.  

The goal of this research is to evaluate the modification of the silk fiber for its use as a 

more biodegradable and biocompatible hemostatic wound dressing. In terms of utilization as 

wound dressings, silk fibroin should be decrystallized partially, to destroy the crystalline !-

sheet structure, which should yield improvements of water absorption, protease resorption 

and blood plasma absorption. It has been known that concentrated aqueous solutions of 

many inorganic salts, such as halides, bromides, and thiocyanates, readily dissolve silk, in 

some cases without degradation of the fibroin [53]. For example, aqueous lithium bromide 

(LiBr) solution [27, 54-55] or aqueous lithium thiocyanate (LiSCN) solution [27, 56, 57] are 

representative solvents for silk fibroin as well as formic acid. However, we considered that 
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these solvents are impropriate for modification of silk for use in biomedical application due to 

their toxicity. In this research, we search for appropriate solvent systems to decrystallize silk 

fibroin.  The resultant changes in its structure were investigated by FTIR, X-ray, and tensile 

tests.  Moreover, blood coagulation tests were carried out and the hemostatic ability of silk 

fibroin was analyzed.  
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2. LITERATURE REVIEW 

 

2.1 Chemical composition and primary structure of Bombyx mori silk fibroin 

    Bombyx mori silk fiber is composed of two proteins, fibroin and sericin. Fibroin is 

extruded from the silkworm gland in the form of filaments embedded in a sericin rubbery 

coating [42] The fibroin gives the mechanical strength to silk fiber, sericin cements the fibroin 

filaments together in the silk thread (Figure 2-1). Although sericin is also used in textile 

processing, in vivo studies on silk biocompatibility revealed that the sericin coating is 

responsible for the immune response and strong immunological reactions take place only 

when virgin silk is used. Therefore, the sericin is usually removed in a first step by boiling 

the native silk in alkaline soap water. This process is called degumming. A weight loss of 

about 22-25% occurs during the degumming process. The degummed silk is considered to be 

relatively inert [58]. The amino acid compositions of the silk fibroin are shown in Table 2-1 

[59]. Bombyx mori silk fibroin contains a high proportion of three "-amino acids, glycine (G; 

Gly), alanine (A; Ala), and serine (S; Ser), in the approximate molar ratio of 3:2:1, 

respectively [27]. In terms of the structure, native silk fibroin is originally present as an 

extensive anti-parallel !-sheet crystalline structure (silk II, Figure 2-2, 2-3) with highly 

repeated Gly-Ala-Ser sequence, induced by the mechanical stresses during the cocoon 

spinning [60, 61]. These amino acids with relatively small side groups make it possible for 

the molecular chains to pack closely. These extended zig-zag chains interact each other by 

hydrogen bonds (Figure 2-4) and form the!-sheet structure with a very high fiber 
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crystallinity of around 70%. Between the !-sheets, only van der Waals forces work. The 

crystalline structure is interspersed by a more flexible amorphous domain, which consists of 

the more bulky amino acids, such as aspartic acid [62], giving the silk the characteristic of a 

block co-polymer structure. This characteristic structural configuration gives silk fibroin its 

unique mechanical properties, including high strength and flexibility (Table 2-2).   

Molecular weight data of silk fibroin have been somewhat inconclusive in that a 

variety of results have been obtained by the use of different measurements; 400kDa by 

ultracentrifugation, 370kDa by sedimentation analysis, and by light scattering, values of 

435kDa [63]. The reason for this is that different molecular weight averages are being 

measured and perhaps different degrees of aggregation. Cantor et al. [64] reported that Gly 

and Ala rich polypeptides behave as if they are much larger than their true sizes by 

electrophoresis measurement. For these reasons, it has been difficult to measure its exact 

molecular weight. However, it is generally believed that silk fibroin has a molecular weight 

of approximately 400kDa; heavy chain of 350kDa, light chain of 26kDa, and P25 of 30kDa 

[65] from electrophoresis and gene sequencing studies. 
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Table 2-1 Amino acid composition of Bombyx mori silk proteins in percentage of 
total amino acids (Cp, chymotrypsin precipitate; Cs, chymotrypsin soluble). [59] 

Table 2-2 Bombyx mori silk as a raw material. [27] 
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Figure 2-1 Schematic of silk thread. [102] 

Figure 2-2 Crystalline unit cell of silk II proposed by Marsh et al. [59] 
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Figure 2-3 Projection of intersheet distribution along fiber axis. [59] 

Figure 2-4 Hydrogen bonding structure of serine residues with neighboring  
chain in silk II structure. [103] 
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2.2 Crystalline structure of native silk fiber (Silk II) 

A number of studies have been done on the crystal structure of silk fibroin (silk II) 

with X-ray diffraction [66]. These studies proposed that silk II has an orthogonal unit cell (a= 

9.38Å; hydrogen bonding direction, b=9.49Å; fiber axis, c=6.98Å; inter sheet distance) and 

described silk II as having an anti-parallel chain pleated !-sheet structure (Figure 2-5). They 

assumed that the crystalline unit cell contains only Gly, Ala, and Ser residues. Larger amino 

acids, such as Tyr (tyrosine; T) and Leu (leucine; L) are located in amorphous regions [67].    

Four chains (eight amino acid residues) are fitted in the unit cell along the b-axis (fiber axis) 

and two pleated sheets are accommodated in it (Figure 2-2). Spacing of pleated sheets along 

the c-axis was obtained from the intensities of equatorial reflections (00l). The distance 

between adjacent pleated sheets has been reported alternately as 3.5Å and 5.7Å (Figure 2-3). 

Therefore, two pleated sheets solely of Gly residues may pack together at a distance of 3.5Å, 

whereas sheets containing Ala and Ser may pack together at a distance of 5.7Å.  From the 

Scherrer equation with the half-width of the equatorial reflections, the lateral dimensions of 

the crystallites are about 59Å to the a-axis and about 22Å to the c-axis. About five pleated 

sheets each with 12 chains are accommodated in a crystallite.  
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2.3 Solvent/ Decrystallizing agents for silk fibroin 

In order to regenerate the silk fibroin into various desired forms such as like gel, film, 

fiber, powder, or non-woven, a dissolution process is necessary to destroy the crystalline !-

sheet structure and solubilize the fibroin [27, 68]. Silk fibers consist of highly ordered 

arrangements of fibroin chains linked together by intermolecular hydrogen bonds [68, 69]. 

Freddi et al. investigated the effect of organic reagents with a dehydration action, such as 

methanol, on the re-crystallization of silk fibroin film by observing the change from random 

coil structure (silk I, Figure 2-6) to crystalline!-sheet conformation (silk II) [32, 68, 70]. On 

the other hand, in order to dissolve silk fiber effectively, swelling of the compact fibrous 

Figure 2-5 Refined unit cell structure of silk II proposed by Takahashi et al. [103] 
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structure and breaking of the hydrogen bond network are required, resulting in complete 

dispersion of the individual fibroin molecules. An ideal solvent of silk fibroin should be 

capable of penetrating into the fiber and dissolving it without inducing adverse reactions, 

such as depolymerization, derivatization, etc [68].  

The most common solvents used for silk are formic acid and concentrated aqueous 

lithium salt solutions and neutral salt-water alcohol systems. 9M aqueous lithium bromide 

(LiBr)[71,72] or 9M aqueous lithium thiocyanate (LiSCN) solution [57, 68, 73, 74] are 

usually chosen because its solution is neutral and active at room temperature and unlikely to 

cause peptide bond hydrolysis [68].  Other concentrated salt solutions, such as NaSCN and 

ZnCl2 solutions can also be used for the dissolution of silk [68, 75, 76]. In addition, neutral 

salt-water-alcohol systems have also been reported to be effective in dissolving silk. Ajisawa 

et al. reported the calcium chloride-ethanol system (molar ratio of CaCl2: H2O: EtOH=1:8:2) 

[68,77-80]. As shown in Table 2-3(a,b), the dissolution of silk fibroin was greatly improved 

by adding ethanol into calcium chloride aqueous solution at that molar ratio. Furthermore, 

Mathur at al. [32, 68, 70, 81] recently reported on the discovery a novel salt system as a 

solvent of silk fibroin, composed of calcium nitrate hydrate and methanol, Ca(NO3)2 

4H2O/MeOH system (molar ratio of Ca:H2O:MeOH=1:4:2), as well as on the properties of 

regenerated silk fibroin films and fibers. In any case, these salts (lithium or calcium) should 

be removed by dialysis since these fibroin solutions contain considerable amounts of salt [82]. 

In general, it is known that the regenerated fibroin materials show poor tensile 

properties and brittleness compared with the original silk fiber [27, 45-47]. However, Ha et al. 
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reported that these problems can be technically solved by improving a fiber processing 

method [27] (Table 2-4(a-c), Figure 2-7).  

 

 

 

 

 

 

Figure 2-6 Repeated !-turn model of silk I proposed by Asakura et al. [104] 
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Table 2-3 (a) Solubility (%) of fibroin at 20~30#. [77] 

Table 2-3 (b) Solubility (%) of fibroin at 40~60#. [77] 
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Table 2-4 (a) Measured fineness of regenerated fibroin fiber samples (unit = denier). [27] 

Table 2-4 (b) Tensile properties of regenerated fibroin fibers (Average deniers obtained from 
VIBROMAT® (Table 2-4 (a) were used as inputs). [27] 

Table 2-4 (c) Tensile data of regenerated fibroin fibers using traditional wet drawing  
method. [27] 
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2.4 Dissolution of silk fibroin in Ca(NO3)2 4H2O/MeOH   

Ha et al. examined the effect of water for the dissolution of silk fibroin in calcium 

nitrate/ methanol system, Ca (NO3)2 nH2O (n is the hydration number), defining amounts of 

water added to anhydrous calcium nitrate [70]. Figure 2-8 [70] shows the difference in 

dissolution of silk fibroin in the calcium nitrate/methanol solvent system with various 

hydration numbers with concentrations range of calcium nitrate/methanol between 40% 

(w/w) and 95% (w/w). The fibroin concentrations were varied as 5%, 10%, 15%, and 20% 

Figure 2-7 Stress-strain curve of regenerated fibroin fibers. [27] 
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(w/v). They revealed that the anhydrous and mono-hydrate calcium nitrate/methanol 

solutions could not dissolve fibroin at all, di-hydrate calcium nitrate/methanol solutions only 

swell the fibroin, and the calcium nitrate/methanol solutions with hydration numbers over 

three dissolved the silk fibroin [82]. Furthermore, a 75% (w/w) tetra-hydrate calcium 

nitrate/methanol solution [Ca(NO3)2 4H2O/ MeOH] was the optimum concentration that can 

dissolve the silk fibroin [82].  

Figure 2-9 [70] shows the phase diagram for the dissolution of silk fibroin in the 

Ca(NO3)2 nH2O/MeOH system with various solvent concentration ranges. These results 

indicated that at least three water molecules per one calcium ion are needed to begin 

dissolution of silk fibroin. The most critical factors for the fibroin dissolution are the molar 

ratios of calcium nitrate, water, and methanol, moreover, the optimum ratio is 1:4:2 as shown 

in Figure 2-10.  However, the mechanism for the dissolution of silk fibroin is still uncertain. 

In  the  related system, Aoki [83] proposed that the oxygen atoms of the carbonyl 

groups in the amide bonds of Nylon 6 make coordination bonds with calcium ions in CaCl2 

2H2O/MeOH system (Figure 2-11 [83,84]). Just like the case of Nylon 6 in CaCl2 

2H2O/MeOH system, Ha et al. considered that the oxygen atoms of the carbonyl groups in 

the peptide bonds of fibroin also seem to make coordination bonds with calcium ions in 

Ca(NO3)2 4H2O/MeOH [70, 82]. However, the dissolution mechanisms for both cases would 

not be the same since fibroin-calcium nitrate/methanol system requires four water molecules 

per one calcium ion for the complete dissolution, as mentioned above. For this reason, they 

[70, 82] assumed that the water molecules act either as a swelling agent for the silk fibroin or 

as components of the coordination bonds. They proposed the complex structure of the solvent 
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and fibroin shown in Figure 2-12  [82]. It is considered that three water molecules per 

calcium ion play an important role in the coordination of carbonyl groups in peptide bonds of 

fibroin and the calcium ions. 

The dissolution process is a physical phenomenon. Dissolution requires the proper 

ratios of calcium ions and ligands, which is also dependent on the nature of the calcium 

counter ion. If the binding of the solvent ligands and counter ions to the calcium are too 

strong, dissolution will not occur. In this case, the combination of nitrate, water, and 

methanol gives a correct balance [70]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-8 Effect of hydration number in the Ca(NO3)2-MeOH-
H2O solvent system for the dissolution of silk fibroin. [70] 
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Figure 2-9 Dissolution phase diagram for fibroin solution in various 
solvent concentration ranges of Ca(NO3)2 nH2O-MeOH. A 10% w/v 
fibroin concentration was used. The insoluble region of calcium nitrate 
is shown by a dotted line in the region nearest pure calcium nitrate. [70] 

Figure 2-10 Molar ratio of MeOH to H2O required for dissolution of silk fibroin  
when [Ca2+] is 1 mol. [70] 
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Figure 2-11 Dissolution mechanism of Nylon 6 in CaCl2-methanol 
system, as proposed by Aoki. [84] 

Figure 2-12 Proposed complex between a calcium ion and a peptide bond of 
fibroin. [82] 
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2.5 Protease enzymes that degrade silk 

 In vitro biodegradation of Bombyx mori silk fibroin has revealed that silk fibroin is 

susceptible to enzymatic degradation and it depends on the structure and morphology of the 

silk polymer [36, 56, 57]. Arai et al. reported that when water-insoluble silk films treated 

with methanol were exposed to different proteolytic enzymes, such as collagenase, "-

chymotrypsin, or protease, the cleavage of the fibroin chains and formation of a range of 

soluble peptides were caused. With increasing contact time with enzymes, the total content of 

glycine, alanine, and serine in the film gradually increased, on the other hand, those of 

tyrosine, valine, and other amino acids with polar and bulky side groups accordingly 

decreased. As mentioned above, it is known that the silk fibroin has crystalline regions which 

consisted of three simple amino acids with small side groups, glycine, alanine, and serine, 

and the amorphous regions which are highly enriched in amino acids with bulky and polar 

side groups [56]. Therefore, the results indicated that the enzyme molecules could penetrate 

into the swollen amorphous regions of the silk fibroin chain more easily than crystalline 

regions or highly dense regions, resulting in cleavage of the sensitive peptide bonds 

distributed along the amorphous regions and releasing free soluble peptides. Also, they found 

that silk films exhibited a noticeable decrease of the weight and degree of polymerization, 

compared to silk fiber. Unlike fiber, silk films are isotropic in nature, thus the amorphous 

phase is more likely to swell. For this reason, films are readily degraded by protease, while 

fibers are more resistant to proteolytic attack [36, 56].  

In addition, the extent of biodegradation of silk fibroin also may depend on the kind 

of enzyme used, as well as on the structure and morphology of the substrate [56]. The 
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protease from Streptomyces griseus (S.griseus) was considered to be more aggressive to silk 

films than other enzymes, resulting in local loss of strength and elongation, randomly 

distributed along the fibers. It seems that enzymes are likely to cause localized degradation 

along the fiber axis, corresponding to more accessible sites where proteolysis could occur 

due to closer enzyme-fiber interaction. 

 

2.6 Mechanism of blood coagulation (Hemostasis) 

The blood coagulation (hemostasis) mechanism is still under investigation because of 

the complexcity of the hemostatic-thrombotic system [16].  Hemker et al. introduced the first 

law of hemostasis and thrombosis: increasing thrombin formation causes more thrombosis 

but less bleeding, and decreasing thrombin formation causes more bleeding but less 

thrombosis [16]. Hemostasis includes the complex interaction between vessels, platelets, 

coagulation factors, coagulation inhibitors, and fibrinolytic proteins to maintain the blood 

within the vascular compartment in a fluid state. When a vessel is damaged, the hemostasis 

proceeds by the following stepwise mechanisms. First of all, vasoconstriction occurs to 

reduce the diameter of the vessel at the sites of injury and instantly minimize blood loss. 

Following that, platelets adhere to collagen in the exposed walls of the damaged vessel and 

promote the formation of a soft aggregate platelet plug. A complex cascade of reactions and 

factors involves to stabilize the soft clot and maintain the vascoconstriction. A factor 

activates another factor in sequence. It has been studied that at least 12 plasma proteins 

interact in a series of enzymatic and cofactor reactions leading to blood clotting as shown in 

Figure 2-13, 14 [1].  Especially, thrombin is the enzyme that plays an important role in 
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formation of clots. Fibrinogen, a soluble glycoprotein, is converted to fibrin in the 

coagulation cascade by the thrombin. The fibrin, a fibrous protein, initially forms a loose 

mesh and then is crosslinked by Factor XIII to form a dense mesh that act as a hemostatic 

plug or clot over the wound site in the presence of calcium ions. In consequence, platelets 

and red blood cells become caught in this covalently crosslinked mesh of fibrin fibers, finally 

the arrest of bleeding is accomplished. Finally, hemostasis is completed by fibrinolysis that 

removes the hemostatic plug and improves blood flow through the damaged vessel after the 

stoppage of bleeding and healing process [1].  

 

 

 

Figure 2-13 Integrated hemostatic reactions between a foreign surface and platelets, 
coagulation factors, the vessel endothelium, and the fibrinolytic system. [1] 
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2.7 Interaction of silk with blood plasma 

The interaction between plasma protein and fibroin materials is a key point for the 

development of silk fibroin hemostatic wound dressings. At present, there is only limited 

published data on the adsorption of proteins to fibroin fibers [58]. Previously, Minoura et al. 

confirmed that the fibroin films support fibroblast adhesion [50], moreover, they have been 

modified to improve their physic-chemical properties and to make them inert towards cell 

adhesion [34, 85]. Recently, Santin et al. reported that the binding of fibrin(ogen) to fibroin 

Figure 2-14 Blood coagulation. Clotting factors (proenzymes), identified by Roman 
numerals, interact in a sequential series of enzymatic activation reactions (coagulation 
cascade) leading to the amplified production of the enzyme thrombin, which in turn 
activates fibrinogen to form a fibrin polymer that stabilizes the clot or thrombus. [1] 
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fibers and regenerated films [42, 51]. They established an in vitro method, in particular, the 

fibroin specimens were incubated in a solution of isolated fibrinogen containing thrombin 

and Factor XIII. As mentioned earlier, the thrombin activates the polymerization of the 

fibrinogen into the fibrin, while Factor XIII induces the crosslinking of fibrin fibrils to form 

clot [86]. The experiments were carried out in the presence and absence of calcium to 

investigate the role of calcium-dependent enzymes in the binding process. Judging from the 

SEM, the fibroin films did not show any visible fibrin polymerization, whereas the fibroin 

fibers were bound to the fibrin bundles through regularly spaced binding sites by a calcium-

independent mechanism (Figure 2-15). Furthermore, they carried out surface modification of 

the silk fibers by treatment with formaldehyde [51]. Diluted solutions of formaldehyde were 

used with the goal of creating spacing arms covalently linked to the fibroin through the 

formation of Schiff’s bases which would block the amino groups on the protein [87]. The 

formed imide groups would protrude towards the aqueous medium and be reduced to 

alcohols, thus conferring a more hydrophilic character to the fiber surface. Although no 

characterization was carried out to assess the surface modification produced by formaldehyde, 

this treatment dramatically inhibited fibrin(ogen) binding to the fibroin fibers; in a few non-

representative areas only poorly bound polymerized clots to the fibroin fibers were observed. 

These results indicate that the presence of regularly spaced hydrophobic domains on the 

native structure of the silk fibroin is able to establish interactions with the polymerizing 

fibrinogen (Figure 2-16). 

In the similar way, Motta et al. demonstrated that serum protein adsorption onto silk 

fabrics and films dramatically changes when the conformation of the silk fibroin is 
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rearranged by engineering procedures [52]. The serum proteins adsorption onto the native 

silk fibroin fibers and regenerated silk fibroin films showed different hydrophobic binding 

strength for the two materials, with the protein binding being greatest for the more 

hydrophobic fibroin fibers [52]. 

Since !-sheet structure is stabilized by hydrogen bonding, it was hypothesized that 

the fibers tend to expose non-polar amino acid side chains thus generating a relatively 

hydrophobic surface. As a result, native fibroin fibers seem to bind the serum proteins 

through strong hydrophobic interactions, most probably due to the orientation of fibroin 

hydroxyl groups towards the core of the protein to form the !-sheet hydrogen bonding. On 

the other hand, when the fibers were treated with chaotropic salt solutions (9.3M LiBr), the 

destabilizing ions disrupted the hydrogen bonding and induced the transition of the protein 

from an ordered crystalline structure (silk II) to a random coil conformation (silk I) [60]. The 

corresponding film cast by the solvent evaporation did not re-establish a significant number 

of !-sheets and the methanol treatment allowed only a partial formation of new !-sheets 

[8,14]. As a result of the protein denaturation, the regenerated fibroin films were more likely 

to expose a surface more hydrophilic to the external environment than the fibers, resulting in 

less binding with the protein. 

These results support the concept that there would be specific fibrin(ogen) binding 

sites on fibroin fibers and hydrophobic !-sheet rich domains on the fiber surface could be 

able to interact with the polymerizing fibrinogen [51].  In conclusion, the !-sheet structure 
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seems to give fiber surface hydrophobicity that leads to stronger serum protein binding [51, 

52]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-15 Cryo-SEM of the fiber/clot interface after incubation of fibroin 
fabric in polymerizing fibrin in presence of calcium. (a) laminar structures 
bridging fibers (x1500); (b) bundles contacting a fiber (x50000). Arrows 
indicate the morphology of the contact points. [51] 
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Figure 2-16 Cryo-SEM of formaldehyde-treated fibroin fibers after incubation in 
polymerizing fibrin in the presence of calcium, (a) unconditioned surfaces (x1500),  
(b) rare areas of interactions between the two polymers(x3000).[51] 
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2.8 Hemostasis evaluations 

It is important to establish an easy method for the quantitative determination of the 

efficacy of local hemostatic dressings. Various methods have been proposed for the 

evaluation of hemostasis efficacy. The common parameters for in vitro examination of the 

blood clotting ability are hemoglobin concentration, platelet count, blood coagulation time 

(BCT), prothrombin time [88], activated partial thromboplastin time and plasma fibrinogen 

concentration are evaluated [89, 90]. Currently, prothrombin time (PT)[88], partial 

thromboplastin time (PTT), thrombin time (TT), activated partial thromboplastin time 

(APTT), clot retraction time (CRT), plasma recalcification time (PRT) [91], and whole blood 

clotting time (WBCT) [91-93] are commonly used to evaluate extrinsic coagulation systems. 

Similar coagulation tests, fibrin clot formation time, RAPTT, RTT, RPT values (ratio of APTT, 

TT or PT to those of the control assays) [94, 95], have been reported. Platelet aggregation 

(PA) is one of the key phenomena in blood coagulation. Tamada et al. reported a platelet rich 

plasma (PRP) method [96]. In this method, the number of platelets adhering to sample fabrics 

was calculated from the amount of lactate dehydrogenase (LDH) released from adhering 

platelet. Measurement of D-dimer concentration is also used to evaluate thrombosis. The D-

dimer is a cross-linked fibrin degradation product and is used to identify excessive 

fibrinolysis in pathologic states.    Furthermore, Prior et al. proposed a method wherein 

estimates of total bleeding derived from the weight gained by the preweighed gauze squares 

or cotton swabs was used to absorb uncoagulated blood from the surgical field of a rabbit 

kidney [97].  
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In addition, the erythrocyte sedimentation rate (ESR), also called a sedimentation rate, 

is the rate at which red blood cells precipitate in a period of an hour. It has been widely used 

for one of the diagnosis of various diseases [98]. In this method, anti-coagulated blood is 

placed in an upright tube, known as a Westergren tube (2.5 x 300 mm) and the rate at which 

the red blood cells fall is measured and recorded in mm/hour. The ESR is governed by the 

balance between pro-sedimentation factors, mainly fibrinogen, and those factors resisting 

sedimentation, namely the negative charge of the erythrocytes. When an inflammatory 

process is present, the high proportion of fibrinogen in the blood causes red blood cells to 

stick to each other. The red cells form stacks called rouleaux, which settle faster. Rouleaux 

formation can also occur in association with some lymphoproliferative disorders in which 

one or more immunoglobulins are secreted in high amounts. Rouleaux formation can, 

however, be a normal physiological finding in horses, cats and pigs [99, 100]. 

Test methods and results vary on collection of the blood specimen. None of these 

methods are, however, satisfactory for the quantitative determination of the efficacy of local 

hemostatic agents due to following reasons: they (1) do not simulate the actual situation 

where local hemostatic agents are clinically used or (2) do not present quantitative 

evaluations, or (3) necessitates complicated procedures [101].  
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3. PHYSICAL MODIFICATION OF SILK FIBERS 

 

3.1 Introduction 

The original silk fibroin has !-sheet crystalline structure with the crystallinity of 

70%. The strong covalently bonded molecular chains are nearly fully extended and bonded 

with each other by hydrogen bonding between carbonyl oxygen and amide hydrogen, giving 

the !-sheet crystalline structure great strength. Moreover, the bonding between the !-

sheets involves only weak van der Waals interactions between the side groups, resulting in 

the flexibility of the fiber. Due to these characteristic structural features, the original silk 

fibers have great mechanical properties. 

When we consider their application for hemostatic wound dressing, the silk fibers 

should be modified to more desired form as dressing, such as more water absorbability, 

biodegradability, or strong interaction with blood plasma. For this objective, we assumed that 

the decrystalization of the !-sheet crystalline structure is required to improve/enhance water 

absorbability and biodegradability. This chapter discusses the decrystallization of the silk 

fibers. Some solvent systems were investigated their effect on the crystal structure of silk 

fibroin.  Chemical and physical characterization were performed using Fourier transformed 

infrared spectroscopy (FTIR) and X-ray. The physical properties of the fibers were also 

analyzed by a tensile test and compared to the original or native silk fiber. The morphology 

of the fibers was examined by SEM.  
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3.2 Experimental 

3.2.1 Materials 

Grade 5A raw silk with an average denier of 20.86 produced in Brazil by the Fiaçào 

de Seda Bratac S.S. was used for this research. Raw silk was degummed prior to experiments 

by following a previously published method [105]. Sericin was removed with 0.25 % (w/v) 

sodium lauryl sulfate and 0.25% (w/v) sodium carbonate in boiling water, bath ratio of 

1:100(w/v), for 1 hour. After the degumming, fibroin was washed in boiling water for 1 hour 

to remove remaining sericin and surfactants and then washed again with distilled water. The 

sericine fraction was calculated as 0.229.  

All other chemicals for dissolving fibroin, such as calcium nitrate and methanol, 

were purchased from Fisher Scientific as reagent grades and used without further purification. 

 

3.2.2 Preparation of solvent system 

Calcium nitrate tetra-hydrate [Ca(NO3)2 4H2O] was dissolved in methanol or ethanol 

at room temperature to prepare solutions with concentrations of 10% (w/w), 25% (w/w), 50% 

(w/w), 75% (w/w), and 90% (w/w). In the same manner, calcium chloride [CaCl2] was 

dissolved in methanol or ethanol with concentration of 10 % (w/w), 25% (w/w), and 50% 

(w/w). 

 

3.2.3 Decrystallization of silk fiber in the solvents 

The degummed silk fibers (1 wt%) were immersed into the prepared solutions to 

decrystallize crystalline !-sheet conformation. Immersing time was varied from 5 min up to 
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300 min at room temperature and at 65# (above boiling point of methanol) in oil bath. After 

a certain time, the fibers were removed from the solutions and rinsed in deionized water then 

towel-dried. If there is no described condition, the fibers were treated at room temperature for 

2 hours. 

 

3.2.4 X-ray Diffraction (XRD) 

The X-ray scans of degummed silk and treated silk fibers were obtained with a 

Seimens type F X-ray diffractometer. Ni-filtered Cu K! radiation was used for the X-ray 

source with 35 kV voltage and 25 mA current. All scans were performed from 5 ° to 40 ° 

(2") at a speed of 1.0°/min. 

 

3.2.5 Fourier Transform Infrared-Attenuated Total Reflectance (FTIR-ATR) 

spectroscopy 

FTIR spectra of all samples were obtained using Nicolet 510P FT-IR Spectrometer 

with OMIIC software. Attenuated Total Reflectance (ATR) accessory was used for the 

spectra of the degummed silk fibers and treated fibers in solvents. All scans were performed 

with an average of 32 repeated scans from 4000 to 400 cm-1. 

 

3.2.6 Tensile tests 

The fineness of the fibroin fiber samples was measured by a VIBROMAT®. The 

denier values of each sample were obtained as the average of 10 replicate measurements 

using a 50mg load cell. Tensile testing was conducted using a MTS Q-Test™ with 50g load 
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cell based on the obtained denier values. The separated single fiber was clamped at a gauge 

length of 1 inch (25.40 mm) and the tensile test was conducted at a rate of 15 mm/min. The 

data was converted to the corresponding tensile stress-strain curve. The values of energy, 

tensile stress, and tensile strain at break were measured, respectively. Tests were carried out 

under the condition of 20#, 65% RH. At least five replicates were obtained for each sample.  

The values for peak load (gf) at break were converted into peak stress (MPa) using 

the following equation: 

Peak Stress (MPa) =Force/Area (N/mm2)    

                               = 

 

 

 ,where cross-section area of silk fiber 
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The values of peak elongation at break (mm) were converted into peak strain (%) using the 

following equation: 

Strain (%) = Change in length (mm)/gauge length (mm) x100 

Finally, the initial tensile modulus of each specimen was determined using following equation: 

Initial modulus (GPa) = Stress (MPa)/ Strain 

 

3.2.7 Moisture absorption test 

The degummed silk fibers and treated fibers in Ca(NO3)2 4H2O/MeOH solutions were 

dried in vacuum oven at 80# overnight and weighed. Then, they were place at 20#, 65% 

RH and weighed again at predetermined time interval. Moisture regain was calculated for 

each sample. 

 

3.2.8 Scanning Electron Microscopy (SEM) 

Various silk fibers were examined by the FEI scanning electron microscope (SEM). 

The samples were sputter-coated with gold by plasma in order to minimize electron charging 

on the surface and to obtain fine images. Their surface morphology was examined. 

 

3.3 Results and Discussion 

3.3.1 Characterization of silk fibers treated in Ca(NO3)2 4H2O/ MeOH 

The degummed silk obtained after removing the outer sericin has been reported to 

consist of silk II structure, which contains !-sheet crystal [103]. For reference, the signature 



 38 

FTIR spectrum of original silk fibroin that possesses the !-sheet conformation (silk II) 

exhibits the following peaks [32, 70]: amide I (1625 cm$1), which is related to the stretching 

of C=O groups in silk fibroin back bone, amide II (1520 cm$1), which is representative of the 

N-H deformation in silk fibroin amide groups, and amide III (1265 cm$1), which arising from 

the vibration involving O-C-O and N-H. The amide I peak shifts from 1625 cm-1 to 1655 cm-

1, and the amide II peak shifts from 1520 cm-1 to 1545 cm-1, corresponding with transition of 

the silk from!-sheet crystalline conformation (silk II) to random coil conformation (silk I). 

The amide III peak is characteristic for only silk II conformation. 

To investigate the effect of prepared solvent systems on !-sheet crystalline structure 

of silk fibroin, FTIR spectra of treated silk fibers in the Ca(NO3)2 4H2O/MeOH solutions for 

2 hours at room temperature were obtained and compared with those of the non-treated 

degummed silk fibers. Figure 3-1 shows FTIR spectra of the degummed silk fibers and 

treated silk fibers in the solutions, varying the concentration from 10% (w/w) to 90% (w/w). 

The FTIR spectrum of the degummed silk fibers confirmed the presence of!-sheet 

conformation at each amide peak. Treated silk fibers in different concentration of the 

solutions showed almost the same profiles as that of the degummed silk in the spectra, 

exhibiting the absorption bands assigned to !-sheet crystalline structure at around 1655 cm-1 

(amide I), 1545 cm-1 (amide II), and 1265 cm-1 (amide III), respectively.  We could not 

confirm any shifts of the amide I peak and the amide II peak close to the characteristic values 

of random conformation (silk I), even though there were some differences in the absorbance 

between each fibers. This indicates that the !-sheet crystalline structure of the silk fibers 
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was somewhat decrystallized after the treatment in the Ca(NO3)2 4H2O/MeOH solutions, 

however the obtained FTIR data were not sufficient to quantify the decrystallization. 

Since the decrystallization by the Ca(NO3)2 4H2O/MeOH solutions was less effective 

than we expected under the condition of room temperature, then the fiber solutions were 

incubated in oil bath at 65# for 2 hours, which above the boiling point of methanol. As 

shown in Figure 3-2, obtained FTIR spectra of silk fibers treated at 65# were different from 

those of treated silk fibers at room temperature. Significant shift of peak at 1520 cm-1 (amide 

II) was observed at each concentration of Ca(NO3)2 4H2O/MeOH solution. Above 50% 

(w/w), the treated silk fibers clearly started to dissolve and showed different appearance. 

Moreover, silk fibers treated in 75% (w/w) and 90% (w/w) solutions dissolved perfectly. 

Figure 3-3 shows the change in absorbance at 1630 cm-1 (amide I) in the FTIR spectra 

of the fibers treated in Ca(NO3)2 4H2O/MeOH for 2 hours at room temperature and 65#. At 

both temperatures, crystallinity of fibers treated in 10% (w/w) and 25% (w/w) solutions 

gradually increased and then started to decrease in 50%(w/w) solution. However, the 

absorbance started to increase again when the silk fibers were treated in 75% (w/w) and 90% 

(w/w) solutions. The fibers treated in 50% (w/w) solution at 65# exhibited lowest 

crystallinity, suggesting that the largest decrystallization of !-sheet conformation under this 

condition. On the other hand,  the solutions with other concentrations might help methanol-

induced formation of !-sheet crystalline formation, at least they do not work for 

decrystallization of the silk fibers effectively.  This plot also showed that environment 

temperature enhanced the effect of the solvent system. At high temperature, silk fibroin 
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chains can rotate and give more free space so that the solvent might easily diffuse and induce 

the conformational change of silk fibroin molecules. Thus, combination of high 

concentration of solution and high temperature causes more effective and rapid 

decrystallization. The notable thing is that the crystallinity of fibers treated in 75% (w/w) and 

90% (w/w) at room temperature started to increase again. This is an unexpected result for us 

and we could not sufficiently explain this behavior based on only FTIR. 

As mentioned earlier, methanol has been reported to induce crystallization of silk 

fibroin [32, 68, 70]. Gil et al. [106, 107] revealed that in methanol-induced silk fibroin 

crystallization, most of the !-sheet conformation occurs during the first 5 minutes of 

exposure to MeOH/water (75/25 w/w) at 20# [32].  Based on this previously reported result, 

FTIR spectra were obtained to investigate the effect of treatment time period in 75% (w/w) 

Ca(NO3)2 4H2O/MeOH solution at room temperature. Treatment time period varied from 5 

min to 300 min. Figure 3-4 indicates that there were no difference in spectra between the 

fibers treated for 5 min and the fibers treated for 300 min. These show that these time periods 

(max. 300 min) are not enough for fibers to cause significant difference in their structure in 

the 75% (w/w) solution. 

The X-ray diffraction curves of the degummed silk and the treated silk fibers in 

Ca(NO3)2 4H2O/MeOH solutions for 2 hours at room temperature are shown in Figure 3-5. 

According to previous study [105], a major peak at 2%= 21&and two minor peaks at 2%=9&

and 24&are assigned as characteristic peaks of the !-sheet crystalline structure. Although the 

treated silk fibers still showed the peaks of the !-sheet crystal structure similar to that of the 
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degummed silk, the size and perfection of the !-sheet crystal structure as well as the degree 

of crystallinity were lower compared with the degummed one. The peak intensity values at 2

%=21&of the samples were used to indicate changes in the crystallinity of them. As shown 

in Figure 3-5, crystallinity tended to increase for the silk fibers treated in 10% (w/w) and 

25% (w/w) solutions, compared with that of the degummed silk. Then, the crystallinity 

started to decrease and showed lowest value for the fibers treated in 50% (w/w) solution, 

suggesting that decrystallization of silk started at this concentration. However, when the 

concentration of the solution was increased to 75% (w/w) and 90% (w/w), the crystallinity 

tended to increase again. The appearance of these fibers seemed to become less flexible and 

more delicate than the untreated degummed silk.  

Next, crystallinity of the silk fibers treated in the same solutions for 2 hours at 65# 

were measured by X-ray diffraction (Figure 3-6).  The peak intensity at 2%=21& increased 

with the treatment in 10% (w/w) and 25% (w/w) solutions, then started to dramatically 

decrease when the fibers were treated in 50% (w/w) solution. The silk fibers were partially 

dissolved in 50% (w/w) solution and perfectly dissolved above the concentration of 50% 

(w/w). These results were totally consistent with the results of FTIR and clearly showed that 

higher temperature helps the solvent decrystallize the silk fibers. We consider that the solvent 

molecules diffused easily into the amorphous region (free volume) of the silk fibroin fiber 

and disrupted its crystalline structure by forming new hydrogen bonds with the fibroin 

molecules. 
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Figure 3-1 FTIR-ATR spectra of treated silk fibers in Ca(NO3)2 4H2O/MeOH 
for 2 h at room temperature; (a) degummed silk, treated in (b) 10%(w/w),  
(c) 25% (w/w), (d) 50%(w/w), (e) 75%(w/w), (f) 90% (w/w). 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

Figure 3-2 FTIR-ATR spectra of treated silk fibers in Ca(NO3)2 4H2O/MeOH  
for 2 h at 65#; (a) degummed silk, treated in (b) 10% (w/w), (c) 25% (w/w),  
(d) 50% (w/w). 

 

(a) 

(b) 

(c) 

(d) 
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Figure 3-3 The absorbance at 1630 cm-1 of treated silk fibers in 
Ca(NO3)2 4H2O/MeOH for 2 h at room temperature and at 65#. 
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Figure 3-4 FTIR-ATR spectra of treated silk fibers with different treatment time 
in 75% (w/w) Ca(NO3)2 4H2O/MeOH; (a) degummed silk (b) 5 min, (c) 15 min, 
(d) 30 min, (e) 60 min, (f) 90 min, (g) 120 min, (h) 150 min, (i) 300 min. 

 

(a) 

(b) 

(f) 

(d) 

(e)
) 

(g) 

(i) 

(c) 

(h) 
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Figure 3-5 X-ray Diffraction (XRD) curve of treated silk fibers in Ca(NO3)2 
4H2O/MeOH for 2 h at room temperature; (a) degummed silk, (b) 10% (w/w), 
(c) 25% (w/w), (d) 50% (w/w), (e) 75% (w/w), (f) 90% (w/w). 
 

(a) 

(b) 

(f) 

(e) 

(c) 

(d) 

(d) 

Figure 3-6 X-ray Diffraction (XRD) curve of treated silk fibers in Ca(NO3)2 
4H2O/MeOH for 2 h at 65#; (a) degummed silk, (b) 10% (w/w), (c) 25% 
(w/w), (d) 50% (w/w). 

 

(a) 

(c) 

(b) 
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3.3.2 Characterization of silk fibers treated in Ca(NO3)2 4H2O/ EtOH 

Solutions of Ca(NO3)2 4H2O/EtOH, varying in concentration from 10% (w/w) to 90% 

(w/w),  were also used in the same manner to investigate the difference between methanol 

and ethanol in the calcium nitrate system. As shown in Figure 3-7, FTIR spectra of treated 

silk fibers in Ca(NO3)2 4H2O/EtOH solutions for 2 hours at room temperature exhibited few 

shifts of the amide I peak and the amide II peak. In addition, the crystallinity of the treated 

silk fibers was also measured by X-ray diffraction (Figure 3-8). The peak intensity at 2%

=21&tended to increase with the increase in the concentration up to 75% (w/w), then 

gradually started to decrease for the fibers in 90% (w/w) solution. The results of FTIR and X-

ray demonstrated that Ca(NO3)2 4H2O/EtOH is less effective than Ca(NO3)2 4H2O/MeOH. 

Ha et al. [27] reported the complex model consists of Ca(NO3)2 4H2O/MeOH and silk fibroin, 

and there might be specific compatibility between these two materials, even though detail 

mechanism has not been clear.  None of the ethanolic solutions dissolved the native silk 

fibers. 
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Figure 3-7 FTIR-ATR spectra of treated silk fibers in Ca(NO3)2 
4H2O/EtOH for 2 h at room temperature; (a) degummed silk, (b) 10% 
(w/w), (c) 25% (w/w), (d) 50% (w/w), (e) 75% (w/w), (f) 90% (w/w). 

 

 (c) 

 (a) 

 (f) 

 (d) 

Figure 3-8 X-ray Diffraction (XRD) curve of treated silk fibers in Ca(NO3)2 
4H2O/EtOH for 2 h at room temperature; (a) degummed silk, (b) 10% (w/w),  
(c) 25% (w/w), (d) 50% (w/w), (e) 75% (w/w), (f) 90% (w/w). 

 

 (a) 

 (c) 

 (d) 

 (b) 

 (e) 

 (f) 
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3.3.3 Comparison Ca(NO3)2 4H2O/MeOH and Ca(NO3)2 4H2O/EtOH 

Comparing the FTIR spectra, the silk fibers exhibited different conformation change 

in methanol system and ethanol system. In both systems, crystallinity showed a minimum 

value at 50% (w/w) solution. However, the crystallinity of the fibers in Ca(NO3)2 

4H2O/MeOH increased gradually with the increase in concentration of the solution up to 

75% (w/w), on the other hand, the fibers in Ca(NO3)2 4H2O/EtOH started to decrease in 90% 

(w/w) solution. The comparison of peak absorbance values at 1630 cm-1 between these two 

solvent systems gives the information about how they affect the crystalline structure of silk 

fibroin. The results show that Ca(NO3)2 4H2O/MeOH solution is more effective than ethanol 

system to decrystallize silk fibroin in our research (Figure 3-9).  

From the full width at half maximum intensity of the peak (FWHM) in the X-ray 

diffraction, the crystallite size d can be estimated using the Scherrer equation: 

d = 0.9'/(B cos%) 

where ' is the wavelength of radiation, B is the peak full width at half maximum (FWHM), 

and % is the scattering angle. Table 3-1 (a), (b) shows the results of this analysis. These 

values give us an average crystal size, however they say nothing about the crystal size 

distribution or spatial arrangement, both of which affect fiber properties. As shown in Table 

3-1, calculated average crystal size in fibers treated in 50% (w/w) Ca(NO3)2 4H2O/MeOH 

solution was much smaller than that in untreated degummed silk fibers or other fibers treated 

in different concentration of solutions or the different solvent. This result also supports that 

treatment in 50% (w/w) Ca(NO3)2 4H2O/MeOH solution causes the decrystallization of silk 

fibroin most effectively. 
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Figure 3-9 The absorbance at 1630 cm-1 of treated silk fibers in 
Ca(NO3)2 4H2O/MeOH and Ca(NO3)2 4H2O/EtOH for 2 h at room 
temperature. 

 



 50 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 2%at peak (deg) FMWH (deg) Crystal size (nm) 

Degummed silk 21.23 5.85 1.37 

Ca(NO3)2 4H2O/MeOH        Ca(NO3)2 4H2O/EtOH Treatment 

Condition 2%at peak 
(deg) 

FMWH 
(deg) 

Crystal 
size 
(nm) 

2%at peak 
(deg) 

FMWH 
(deg) 

Crystal 
size 
(nm) 

10% (w/w) at R.T. 21.00 4.85 1.65 20.95 5.93 1.35 
25% (w/w) at R.T. 20.38 5.85 1.37 20.93 5.68 1.41 
50% (w/w) at R.T. 20.77 8.46 0.95 20.74 5.34 1.50 
75% (w/w) at R.T. 20.78 4.77 1.68 20.93 5.76 1.39 
90% (w/w) at R.T. 21.23 4.97 1.61 21.18 5.51 1.45 
10% (w/w) at 65# 21.69 4.91 1.63 - - - 

25% (w/w) at 65# 20.77 5.69 1.41 - - - 

50% (w/w) at 65# 20.77 10.92 0.73 - - - 

Table 3-1 (a) Crystal size determined by the Scherrer equation* of the degummed 
silk fibers. 

Table 3-1 (b) Crystal size determined by the Scherrer equation* of the treated silk 
fibers in Ca(NO3)2 4H2O systems. 

* wavelength of radiation:'=0.1542 nm 
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3.3.4 Characterization of silk fiber treated in CaCl2/MeOH 

As another solution system, the decrystallization of the degummed silk fibers in 

calcium chloride / methanol solutions (CaCl2/MeOH) was tested and compared with the 

fibers treated in calcium nitrate systems. Figure 3-10 shows the FTIR spectra of the 

degummed silk fiber and fibers treated in CaCl2/MeOH for 2 hours at room temperature, 

varying concentration of solutions from 10% (w/w) to 50% (w/w). Since CaCl2 was almost 

saturated in 50% (w/w) solution, solutions of concentration above 50% (w/w) could not be 

obtained. As shown in the spectra, there were few differences between the treated fibers in 

different concentrations. Neither amide I peak or the amide II peak shifted to left, suggesting 

the very few transition from !-sheet conformation to random coil conformation. 

As well as the Ca(NO3)2 4H2O systems, the silk fibers were also treated at 65#. As 

shown in Figure 3-11, the fibers treated in 50% (w/w) solution at 65# exhibited lowest 

absorbance in its spectra, indicating that fibers were decrystallized under this condition. In 

fact, the fibers treated in 50% (w/w) were significantly partially dissolved. As a result, the 

absorbance at 1630 cm-1 was lower than that of the degummed silk fibers (Figure 3-12). 

However, we could not find out any appearance differences of the fibers treated between in 

Ca(NO3)2 4H2O/MeOH solutions and in CaCl2/MeOH solutions from the FTIR data. 

The crystallinity of the silk fibers treated in CaCl2/MeOH solutions were also tested 

using X-ray diffraction analysis. The X-ray diffraction curve of the degummed silk and 

treated silk are shown in Figure 3-13. There were not any significant differences observed 

between the silk fibers treated in 10% (w/w), 25% (w/w), and 50% (w/w) solutions at room 
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temperature, exhibiting almost the same peak intensity at 2%=21&.  When the fibers were 

treated in the same solutions at 65#, on the other hand, the peak intensity exhibited lower 

values at every concentration (Figure 3-14). Especially, the fibers treated in 50% (w/w) 

solution showed the lowest intensity. The treated fibers under this condition were almost 

dissolved and the collected fibers were fragile compared to the untreated fibers. Average 

crystal sizes were estimated using the Scherer equation and results are shown in Table 3-1 (c). 

Compared with the average crystal sizes of the silk fibers treated in Ca(NO3)2 4H2O/MeOH 

as summarized in Table 3-1 (b), the average crystal sizes of fibers treated in CaCl2/MeOH at 

room temperature and at 65#!were more or less larger except the treatment in 10%(w/w) 

solution.  For example, the average crystal sizes of silk fibers treated at room temperature 

were larger by 27% and by 70%, respectively, in 25%(w/w) and in 50% (w/w) CaCl2/MeOH 

solutions than those of fibers treated Ca(NO3)2 4H2O/MeOH with same concentrations, 

suggesting lower decrystallization ability of CaCl2/MeOH than Ca(NO3)2 4H2O/MeOH.  At 

both temperatures, however, the average crystal size of fibers treated in 10% (w/w) 

CaCl2/MeOH was slightly smaller than that of fibers treated in 10% (w/w) Ca(NO3)2 

4H2O/MeOH.  
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Figure 3-10 FTIR-ATR spectra of treated silk fibers in CaCl2/MeOH  
for 2 h at room temperature; (a) degummed silk, (b) 10% (w/w), (c) 25% 
(w/w), (d) 50% (w/w). 

 

(a) 

(b) 

(d) 

(c) 

Figure 3-11 FTIR-ATR spectra of treated silk fibers in CaCl2/MeOH  
for 2 h at 65#; (a) degummed silk, (b) 10% (w/w), (c) 25% (w/w), (d) 
50% (w/w). 

 

(a) 

(b) 

(c) 

(d) 
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Figure 3-12 The absorbance at 1630 cm-1 of treated silk fibers in 
CaCl2/MeOH for 2 h at room temperature and at 65#. 
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Figure 3-13 X-ray Diffraction (XRD) curve of treated silk fibers in 
CaCl2/MeOH for 2 h at room temperature; (a) degummed silk, (b) 10% (w/w), 
(c) 25% (w/w), (d) 50% (w/w). 

 

(a) 

(c) 

(b) 

(d) 

Figure 3-14 X-ray Diffraction (XRD) curve of treated silk fibers in CaCl2/MeOH  
for 2 h at 65#; (a) degummed silk, (b) 10% (w/w), (c) 25% (w/w), (d) 50% (w/w). 

 

(a) 

(b) 

(c) 

(d) 
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3.3.5 Characterization of silk fiber treated in CaCl2/EtOH 

In the same manner, the effect of CaCl2/EtOH on decrystallization of silk fibers were 

tested by FTIR as shown in Figure 3-15. The slight shifts of the amide II peak suggest the 

decrystallization of the treated silk fibers. From the peak absorbance at 1630 cm-1 (Figure 3-

16), there were not any specific differences observed between the effect of CaCl2 /MeOH and 

the effect of CaCl2/ EtOH. 

As mentioned in chapter 2, Ajisawa et al. [77] investigated that dissolution of silk 

fibroin was greatly improved in CaCl2/H2O/EtOH (molar ratio= 1:8:2) solution. They 

reported that the silk fibroin was insoluble in a solution of CaCl2/H2O (molar ratio=1:8) at 

20#to 30#(approx. room temp) for 240 to 720 hours, then solubility of silk fibroin in the 

aqueous solution increased to 0.7% to 3.3%, respectively, at 40# to 60# for 1hour. 

CaCl2/MeOH Treatment 

Condition 2%at peak 
(deg) 

FWHM 
(deg) 

Crystal 
size 
(nm) 

10% (w/w) at R.T. 21.23  4.91  1.63 
25% (w/w) at R.T. 21.51  4.62 1.74 
50% (w/w) at R.T. 21.00  4.94  1.62 
10% (w/w) at 65# 21.23  5.06 1.58 

25% (w/w) at 65# 21.08 5.000 1.60 

50% (w/w) at 65# 21.05  8.00 1.00 

Table 3-1 (c) Crystal size determined by the Scherrer equation* of treated silk 
fibers in CaCl2 systems. 
 

* wavelength of radiation:'=0.1542 nm 
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However, when ethanol was added to the solution (molar ratio= 1:8:2), fibroin dissolved 

completely at 55# for 1 hour, which was approximately 35 times more likely than with the 

calcium aqueous solution [68, 77-80]. Their study supports our results that the treatment in 

CaCl2/EtOH solution of 10% (w/w) (molar ratio =1:22) and 25% (w/w) (molar ratio= 1:7) at 

room temperature were not effective to decrystallize silk fibroin, on the other hand, the 

treatment in 50% (w/w) solution (molar ratio =1:2) at 65# for 2 hours caused best 

decrystallization behavior at this point. The molar ratio of calcium and ethanol is a key factor 

in the decrystallization of silk fibroin as well as the environment temperature. In our research, 

water was not added into CaCl2/EtOH solution and the role in water has not been revealed. 

According to previous study [84], it has been reported that calcium/H2O/methanol could 

make a complex with amide bond in Nylon 6. Therefore, water would somewhat contribute 

to the dissolution of silk. Further experiments with calcium/water/ethanol are needed for 

future work. 

 

 

 

 

 

 

 

 

 



 58 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-15 FTIR-ATR spectra of treated silk fibers in CaCl2/EtOH  
for 2 h at room temperature; (a) degummed silk, (b) 10% (w/w), (c) 
25% (w/w), (d) 50% (w/w). 

 

(b) 

(c) 

(a) 

(d) 

Figure 3-16 The absorbance at 1630 cm-1 of treated silk fibers in 
CaCl2/MeOH and CaCl2/EtOH for 2 h at room temperature. 
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3.3.6 Mechanical property of the treated silk fibers 

Average deniers of the degummed silk fiber and treated silk fibers in Ca(NO3)2 

4H2O/MeOH solutions and their mechanical properties were measured. Previously Ha et al. 

[27] measured fineness of original silk fiber and regenerated silk fibers from various solvents 

as shown in Table 2-4 (a-c). The obtained deniers in this research were relatively consistent 

with the denier of original silk in Table 2-4(a). With the increase in concentration of 

Ca(NO3)2 4H2O/MeOH solutions, the denier values of treated fibers slightly decreased, 

suggesting the partially dissolution of the fibers.  

The variance of tenacity, peak stress, strain at break, and initial modulus of the 

degummed silk fibers and the treated silk fibers are listed in Table 3-2. The degummed silk 

fiber exhibited 3.83 gf/den tenacity, 23.04 % strain at break, and 2.04 GPa initial modulus, 

respectively. These values also relatively correspond with the reported tensile properties of 

the original silk fibers as shown in Table 2-2 and Table 2-4 (b). Compared with the data of 

the original silk fiber reported by Ha et al. (Table 2.4 (c)), it is seen that the fineness and 

mechanical properties were changed after the treatment in Ca(NO3)2 4H2O/MeOH solutions, 

depending on the solvent concentration. As the concentration of Ca(NO3)2 4H2O/MeOH 

solution increases, the tenacity and the initial modulus gradually increases and reached 

highest values at the fibers treated in 50% (w/w) solution, 4.13gf/den and 3.77 GPa, 

respectively, then started to decrease for the fibers treated in 75% (w/w) and 90% (w/w) 

solutions. On the other hand, the strain at break and toughness gradually decreased with the 

increase in the solution concentration. For the fiber treated in highest concentration solution 

of 90% (w/w) showed smallest strain at break of 16.26 % and toughness of 0.41 gf/den, 
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respectively. These results indicate that fibers treated in 50% (w/w) solution became more 

stiff and less flexible after they were immersed into the solvent. Moreover, the treated silk 

fibers in Ca(NO3)2 4H2O/MeOH tend to lose their characteristic toughness. Similar trends as 

reported above, were observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 Tenacity 

(gf/den) 

Toughness 

(gf/den) 

Strain at break 

(%) 

Modulus 

(GPa) 

Toughness 

(gf/den) 

degummed  
silk 

3.83(0.70 0.56(0.23 23.04(5.89 2.04(0.43 0.56(0.23 

10%(w/w)  3.33(0.57 0.35(0.086 17.99(2.89 2.25(0.52 0.35(0.086 
25% (w/w)  3.89(0.60 0.45(0.11 18.68(1.81 2.50(0.37 0.45(0.11 
50% (w/w) 4.13(1.28 0.44(0.24 16.69(7.24 3.77(2.44 0.44(0.24 
75% (w/w) 4.04(0.74 0.50(0.30 17.90(8.78 3.00(0.76 0.50(0.30 
90% (w/w) 3.84(0.91 0.41(0.18 16.26(3.27 2.96(1.17 0.41(0.18 

Table 3-2 The mechanical properties of the degummed silk fibers and treated silk fibers* at 
65% RH and 20ºC. 
 

*Silk fibers treated in Ca(NO3)2 4H2O/MeOH for 2 hours at room temperature were used. 
At least five replicates were tested. 
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3.3.7 Moisture absorption behavior of the treated silk fibers 

Moisture absorption of degummed silk fibers and treated fibers in Ca(NO3)2 

4H2O/MeOH solutions were evaluated for a period of 24 hours at 20#, 65% RH. The 

absorption of water is one of the important factors that causes changes in the size, shape, 

stiffness, and permeability of fibers. The amount of water in a specimen is generally 

expressed by moisture regain. Each water-absorbing material has a specific moisture regain, 

for example, cotton ~ 7%, wool ~14%, and silk ~ 11% at 20# 65% RH [108]. Silk has a 

regain intermediate between cotton and wool. The interaction between the water molecules 

and the fiber plays an important role in the absorption, there are some water absorbing groups 

that strongly attract water molecules. The protein fibers, like silk fibroin, contain water 

absorbing groups, amide groups (-NH-), in the main chain, and water can be hydrogen-

bonded to this groups, as well as to other water-attracting groups, such as -OH, -NH3
+, -

COO-, -CO)NH2, in the side chains.*The cotton that consists of cellulose has only hydroxyl 

groups as water absorbing group, while silk fibroin contains many water absorbing groups as 

shown above. This is a reason why moisture regain of silk is higher than that of cotton. In 

addition, physical structure of fibers also affects the moisture regain. In crystalline regions, 

the fiber molecules are closely packed together in a regular pattern and form cross-links 

between the molecules like hydrogen-bondings. Thus, it would not be easy for water 

molecules to penetrate into a crystalline region, and for absorption to take place. Silk has 

higher crystallinity (~70%) than wool (~40%), thus, less amorphous region leads to the 

smaller moisture regain than wool. In addition, the sericin, which binds the two fibroin 
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filaments of a silk fiber, has been reported to have a high regain and the degumming causes a 

reduction in regain at 65% RH from 10.65 to 9.9% [109]. 

The results are shown in Figure 3-17. The moisture regain (MR) of each sample was 

calculated by following equation: 

MR(%)=(mass of absorbed water) g /(mass of dry fiber) g 

   As a result of moisture absorbing test, MR (%) of silk fibers treated in 50% (w/w) 

solution at 65#, which was most severe condition, and in 50% (w/w) solution at room 

temperature showed higher values than that of the degummed silk fibers after 4 hours, while 

MR (%) of these two treated fibers in turn decreased and became smaller than that of the 

degummed silk fibers after equilibrium was reached. These results suggest us that these 

fibers initially could absorb more water due to large amorphous area as a result of 

decrystallization, however, they could not hold water for long time because the number of 

water absorbing groups were limited and water molecules tend to bond loosely with the 

fibers. In consequence, the absorbed water was easily evaporated. On the other hand, other 

fibers treated in 10% (w/w), 25% (w/w), 75% (w/w), and 90% (w/w) solutions at room 

temperature showed almost same or somewhat higher MR(%) values than that of the 

degummed silk. The moisture regain is a useful parameter on the degree of crystallinity. The 

obtained results would show that each sample has specific moisture absorbing behavior and 

support the FTIR and X-ray results that most effective decrystallization occurs for the 

treatments in 50% (w/w) solution.  
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Figure 3-17 Moisture absorption of degummed silk fibers and 
various treated silk fibers. 
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3.3.8 Surface morphology of treated silk fibers  

Figure 3-18 show surface SEM images of the degummed silk fibers and the treated 

silk fibers in 50% (w/w) Ca(NO3)2 4H2O/MeOH at 65#. The degummed silk fibers 

exhibited relatively uniform diameter with smooth surface (Figure 3-18 (a)). On the other 

hand, Figure 3-18 (b) clearly shows that the fibers treated in 50% (w/w) Ca(NO3)2 

4H2O/MeOH dissolved partially.  As the increase in solution concentration of Ca(NO3)2 

4H2O/MeOH, the silk fibers seemed gradually to dissolve from their outside, resulting in the 

reduction in the diameter. The cracking of the fiber surface was also observed for the fibers 

treated in higher concentration solutions (Figure 3-18 (c)). The fibers treated in 50% (w/w) at 

65# visibly looked different from the degummed silk fibers and other treated fibers. These 

fibers were easily broken by tweezers. We thought that the solvent easily penetrated inside of 

the fibers and caused the severe decrystallization both outside and inside under this condition, 

as a result, the fibers started to dissolve and stuck each other. The tensile properties in 

previous section demonstrated that the flexibility was lost while stiffness increased for these 

fibers. However, how the decrystallization proceeds has been still unclear and further 

morphology study in detail is needed for future work. 
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Figure 3-18 SEM image of fiber surface;(a) degummed silk fibers 
and (b) treated silk in 50% (w/w) Ca(NO3)2 4H2O/MeOH at 65#. 

48+m 

(b) 

(a) 

15+m 
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Figure 3-18 (c) Optical microscope image of the treated fibers in 75% 
(w/w) Ca(NO3)2 4H2O/MeOH for 2 h at room temperature (x10). 
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4. HEMOSTATIC PROPERTIES OF SILK FIBERS 

 

4.1 Introduction 

As described in the previous chapter, silk has many expected biotechnological and 

biomedical applications, including surgical sutures [35, 41], substrate for cell culture [35, 37], 

controlled drug-delivery carriers [35, 45], and scaffolds for tissue engineering [35, 36]. 

However, there are only limited publications on the potential utility for wound dressing and 

hemostatic applications of the silk. Currently, wound dressings based on chitosan 

(HemCon®; HemCon Medical Technologies, Inc.), collagen (ActCel Hemostatic Gauze™; 

ActSys Medical, Inc.), cellulose (Surgicel®; Ethicon, Inc.), or potato starch (TraumaDEX®, 

Medafor, Inc.) are commercially available. We consider that silk is one of the promising 

biomaterials because of its biodegradability and great mechanical strength in wet condition. 

In this chapter, blood coagulation test was carried out to investigate the potential application 

of silk as hemostatic wound dressing. 

 

4.2 Experimental 

4.2.1 Materials 

The same silk fibers as in Chapter 3 (Section 3.2.1) were also used here. All other 

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

used without further purification. 
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4.2.2 Preparation of Ca(NO3)2 4H2O/MeOH solution 

Ca(NO3)2 4H2O/MeOH solution of 10 %, 25%, 50%, 75%, 90%  (w/w) were 

prepared by following the method of 3.2.2 

 

4.2.3 Treatment of silk fibers in Ca(NO3)2 4H2O/MeOH 

The degummed silk fibers were immersed in 50% (w/w) Ca(NO3)2 4H2O/MeOH 

solutions for 2 hours at 65# in oil bath. After 2 hours, the fibers were removed from the 

solution and rinsed in deionized water for 15 minutes and towel-dried. 

 

4.2.4 Blood coagulation tests 

Venous blood from a donor pig that was stabilized with heparin was obtained from 

College of Veterinary Medicine, NC State University. A total of 1mL of blood was 

transferred to each glass tube (10 x 75mm) and it was preincubated for 5 minutes in a water 

bath at 37ºC in water bath. The degummed silk fibers and the treated silk fibers in 50% (w/w) 

Ca(NO3)2 4H2O/MeOH at 65# were divided into two specimens, respectively. One 

specimen of 0.01g was soaked in phosphate buffered saline (PBS, pH 7.0) for 30 minutes to 

be wet, and the other specimen of 0.01g was dried in vacuum oven before the test. The total 

four sets of specimens were put into the blood tubes, and the tubes were placed and incubated 

in the water bath at 37ºC until the blood was separated into two phases, supernatant and red 

blood cell aggregation. The tube was checked every 30 seconds until the blood 

sedimentation was completed at almost a 1:1 ratio of two phases. The time of blood 

sedimentation was recorded for each sample. At least two replicates were conducted. After 
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1.5 hours, all tests were stopped and the fibers were taken out from the blood pool. The 

samples were captured by digital camera at predetermined time intervals. The morphology of 

red blood cells was examined by Nikon Labophot2-POL equipped with COOLPIX digital 

camera. A drop from the phase containing red blood cells was placed on a glass plate and 

covered with a glass cover. The 10x and 40x lenses were used. 

 

4.2.5 Hydrophobic treatment (SDS-modification) 

Both the degummed silk fibers and the treated silk fibers in Ca(NO3)2 4H2O/MeOH 

solution were soaked into 5% (w/w) aqueous acetic acid solution at room temperature for 30 

minutes. The fibers were removed and washed gently with deionized water for 5 minutes in 

order to protonate any amino groups. Then, the two sets of fibers were soaked in a 1% (w/w) 

solution of sodium dodecyl sulfate (SDS) for 30 minutes for the purpose of formation of 

hydrophobic salts of the SDS with the silk. Finally, the fibers were rinsed for 5 minutes in 

deionized water again to remove excess SDS. 

 

4.3 Results and Discussion 

4.3.1 Blood coagulation tests 

The blood coagulation test was conducted by measuring the time of erythrocyte 

sedimentation in anti-coagulated blood that has previously been reported by Yamazaki et al. 

[16]. The degummed silk fibers and the treated silk fibers were added into the blood in 

conventional glass tubes (7.5 x 10 mm) and the blood sedimentation time when the 

supernatant and erythrocyte agglutination were separated as equal phases at 1:1 were 
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recorded. As summarized in Table 4-1, the clear blood sedimentation was observed more or 

less for every sample with dry and wet conditions within up to 1.5 hours. First, the 

degummed silk fibers exhibited the faster blood sedimentation rate at 10.0 mm/hour with 

dried condition, and 16.0 mm/hour with wet condition (Figure 4-1). On the other hand, the 

treated fibers in 50% (w/w) Ca(NO3)2 4H2O/MeOH at 65#, which was a most severe 

condition, showed lower blood sedimentation rate at 5.33 mm/hour with dried condition, and 

7.78 mm/hour with wet condition (Figure 4-2). This experiment clearly shows that 

degummed silk fibers cause faster erythrocyte aggregation than the treated fibers. As 

mentioned in Chapter 2, serum protein, fibrinogen, is likely to bind with silk fibroin fibers on 

more hydrophobic sites through strong hydrophobic interactions and help make fibrin 

crosslinking. Santin et al. [51] reported that when silk fibers were treated with 9.3M LiBr for 

3 hours, the destabilizing ions disrupted the hydrogen bonding and induced the transition of 

the silk fibroin from crystalline!-sheet structure (silk II) to a random coil conformation (silk 

I), causing less binding of the serum proteins with the more hydrophilic regenerated fibroin 

films. In the same way, the treated silk fibers with Ca(NO3)2 4H2O/MeOH solutions started 

to be decrystalized partially and resultant more hydrophilic surfaces of the fibers lead to less 

binding with the serum protein, compared with the original degummed silk fibers. This 

would be a reason why the blood sedimentation rate became slower for the treated fibers. 
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 Degummed silk (mm) Treated silk* (mm) 

Dry 10.0 5.33 

Wet 16.0 7.78 

 Degummed silk (mm) Treated silk*(mm) 

Non-modified 7.33 2.52 

SDS-modified 5.66 2.40 

Table 4-1 Blood sedimentation of various silk fibers in 1mL of  
anti-coagulant blood after 1 hour. 
 

*Silk fibers treated in 50% (w/w) Ca(NO3)2 4H2O/MeOH for 2 hours  
at 65# were used. 

Table 4-2 Blood sedimentation of various silk fibers with hydrophobic 
treatment in 1mL of anti-coagulant blood after 1 hour. 
 
 

*Silk fibers treated in 50% (w/w) Ca(NO3)2 4H2O/MeOH for 2 hours  
at 65# were used. 
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(a) (b) (d) (c) (e) 

(1) 

(2) 

Figure 4-1 Blood sedimentation after immersing of degummed silk fibers of dry 
condition (1), and wet condition (2) at 37 ºC: (a) 10 min, (b) 20 min, (c) 30 min, 
(d) 60 min, (e) 60 min after removing silk. 
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Figure 4-2 Blood sedimentation after immersing of treated silk fibers of dry condition 
(1), and wet condition (2) at 37#: (a) 5 min, (b) 10 min, (c) 20 min, (d) 30 min, (e) 40 

min, (f) 50 min, (g) 60 min, (h) 90 min, (i) 90 min after removing silk. 
 

(a) (b) (c) (d) (e) (f) (i) (g) (h) 

(1) 

 

(2) 
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4.3.2 Effect of hydrophobic treatment 

Santin et al. also reported that the formaldehyde-treated silk fibers dramatically 

inhibited fibrin(ogen) binding to the silk fibroin fibers and only poorly bound polymerized 

clots were observed in a few non-representative areas [51]. Based on this previously reported 

result and the obtained result in our experiment, the hydrophobicity of silk fibers surface 

plays an important role in binding serum protein with the fibers.  

In order to confirm that the hydrophobicity of the silk fibers is a key factor in binding 

of serum proteins, the degummed silk fibers modified with a hydrophobic treatment by SDS 

were investigated regarding their effect on blood sedimentation. The results are summarized 

in Table 4-2. In contrast to our expectations, the SDS-modified degummed silk fibers did not 

bring about obvious enhancements on the blood sedimentation rate, in fact, the blood 

sedimentation rate for the SDS-modified degummed fibers was lower by 23% compared with 

the case of un-SDS modified degummed silk fibers as shown in Figure 4-3.  

The fibers treated in Ca(NO3)2 4H2O/MeOH were exposed to the hydrophobic 

modification in the same way. As mentioned above, the treated fibers showed much less 

blood sedimentation due to the loss of !-sheet crystalline structure and its hydrophobicity 

through decrystallization. As well as the degummed silk fibers, the blood sedimentation rate 

for the treated fibers was not dramatically improved even after hydrophobic treatment was 

done as shown in Figure 4-4. This would tell us that not only hydrophobicity but also some 

specific chemical structure of silk fibroin fibers might be necessary for binding serum 

proteins (Figure 4-5). Also, we assume that the hydrophobic treatment we did was not 

sufficient for the hydrophobic chains of SDS to be successfully placed on the surface of silk 
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fibers through the modification. Another experiment for hydrophobic modification would be 

helpful to confirm that the serum proteins bind to more hydrophobic site on the silk fiber 

through the hydrophobic interaction. 

Since there were no obvious blood clot formations observed on the fiber surface 

during all experiments, the red blood cell morphology in the sedimentation phase was 

checked. After the blood sedimentation test was stopped, a drop was taken from 

sedimentation phase and the red blood cell morphology was examined (x 10) by an optical 

microscope as shown in Figure 4-6. There were few red blood cell coagulation observed in 

anti-coagulant blood without the silk fibers after incubating for 1.5 hours at 37# (Figure 4-6 

(e)). On the other hand, partly aggregated red blood cells were observed in the sedimentation 

phase when the degummed silk fibers and the treated silk fibers were added to the blood. In 

addition, SDS-modified fibers might cause slightly more red blood cell aggregation, 

compared with un-modified fibers in Figure 4-6 (c,d), indicating that hydrophobic treatment 

approach would be useful to improve rapid clotting ability. Finally, the immersed silk fibers 

in the anti-coagulant blood were taken out and morphology was observed by optical 

microscope. As shown in Figure 4-7, the red blood cells were bound by the fibers. 

At this point, the detail mechanism of how the silk fibers interact with blood proteins 

has not been clarified. More studies will be needed to determine how decrystallization of the 

silk fibers affect the blood clotting, otherwise it is not useful for binding serum protein. The 

blood used in this study contained heparin, which is widely used as an anticoagulant, 

preventing the formation of clots and extension of existing clots within the blood. Heparin 

binds to the enzyme inhibitor antithrombin (AT), which inactivates thrombin and other 
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proteases involved in blood clotting [110, 111]. Therefore, our experiments do not exactly 

replicate the actual interaction between blood proteins and silk fibers. Another experiment 

using raw blood that does not contain any anticoagulants must be needed. Nevertheless, the 

obtained results suggest that the silk fibers somewhat trigger the red blood cell sedimentation.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4-3 Blood sedimentation after immersing of degummed silk fibers (1), and SDS-
modified degummed silk fibers (2) at 37#: (a) 5 min, (b) 10 min, (c) 20 min, (d) 30 

min,  (e) 40 min,  (f) 50 min, (g) 60 min, (h) 90 min, (i) 90min after removing silk 
 

(i) (h) (g) (f) (d) (e) (c) (b) (a) 

(1) 

(2) 
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Figure 4-4 Blood sedimentation after immersing of the treated silk fibers (1), and SDS-
modified treated fibers (2) at 37#: (a) 5 min, (b) 10 min, (c) 20 min, (d) 30 min,  (e) 40 

min,  (f) 50 min, (g) 60 min, (h) 90 min, (i) 90 min after removing silk 
 

(c) (b) (d) (e) (f) (a) (g) (h) (i) 

(1) 

(2) 
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Figure 4-5 Blood sedimentation after stopping the experiments; 90 
minutes later (1), and 24 hours later (2); From left, degummed silk, 
SDS-modified degummed silk, treated silk, SDS-modified treated silk in 
each picture. 
 

(1) (2) 
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Figure 4-6 Optical microscope images (x10) of red blood cells after 1.5 hour-
sedimentation; (a) degummed silk fibers, (b) treated silk fibers*, 
(c) SDS-modified degummed silk fibers, (d) SDS-modified treated silk fibers*, 
(e) anti-coagulated blood without fibers. 
 
*Treated silk fibers in 50% (w/w) Ca(NO3)2 4H2O/MeOH for 2hours  
at 65#were used. 
 

(a) (b) 

(c) (d) 

(e) 
(e) 
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Figure 4-7 Optical microscope images of silk fibers immersing in anti-coagulant 
blood for 1.5 hours (x40); (a) degummed silk fibers, and (b) treated fibers in 
50%(w/w) Ca(NO3)2 4H2O/MeOH for 2 hours at 65#.  Red blood cells are seen 

bound to the fibers. Scale bar is 50+m. 

(a) 

(b) 
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5. CONCLUSIONS AND RECOMMENDATION FOR FUTURE WORK 

 

The original silk fibers were decrystallized with two kinds of neutral salt-water 

alcohol systems. The chemical structure of the treated silk fibers was characterized by FTIR 

and X-ray to investigate the degree of decrystallization. Any obvious shifts of specific peaks 

that correspond with conformational transition from !-sheet to random coil, amide I, II, III, 

were not observed in FTIR spectra, even though there was somewhat change in peak 

intensity. We could not exactly confirm whether decrystallization was achieved or not 

through FTIR data. Since FTIR spectra are usually considered s a qualitative analysis, other 

quantitative techniques must be needed to determine the amount of crystalline structure. In 

this study FTIR-ATR method was used, but spectra using KBr pellet will be give us more 

accurate data about the crystallinity.  

X-ray diffraction revealed that Ca(NO3)2 4H2O/MeOH and CaCl2/MeOH caused 

largest decrystallization under the condition of 50% (w/w) and 65#. Through controlling 

two parameters, i.e., concentration of the solutions and environmental temperature, this 

condition was determined to be most severe treatment for decrystallization. Above this 

concentration and temperature, the fibers were perfectly dissolved. Also, the fibers were not 

sufficiently decrystallized at room temperature for every concentration. The detail 

mechanism how the silk fibers were decrystallized in these systems has still been unclear and 

further study is needed.   

Average crystal sizes of the silk fibers were estimated based on the results of X-ray 

diffraction. Only the fibers treated in 50% (w/w) Ca(NO3)2 4H2O/MeOH at room 
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temperature and at 65# exhibited obvious decrease in the crystal size than that of the 

degummed silk fibers. On the other hand, Ca(NO3)2 4H2O/EtOH did not bring about any 

changes in crystal size of the fibers, indicating less decrystallizing ability of this solvent. 

Moreover, CaCl2/MeOH caused the recognizable decrease in crystal size under the condition 

of 50% (w/w) concentration at 65#, although the effect was still lower than the Ca(NO3)2 

4H2O/MeOH.  

The mechanical properties of the treated fibers were tested by tensile tests. The results 

showed that strength and elongation at break gradually increase with the solvent 

concentration up to 50% (w/w) then decrease while modulus gradually increases as the 

concentration of the solution was increased, suggesting that the fibers lost their flexibility and 

turned to be more brittle. This could support X-ray results that minimum crystallinity was 

observed at 50% (w/w). At this point, we cannot explain why degree of decrystallization was 

lowest in 50% (w/w) solution, not 75% (w/w) or 90% (w/w) solution, and further work on 

detail morphology study of the treated silk fibers should be needed. 

Moisture regain curve of the fibers could be another way to measure crystallinity and 

information about their moisture absorption behavior. As the decrystallization proceeds, the 

fibers initially absorbed more water, however, the amount of absorbed water was small after 

equilibrium was reached. We consider these results that the increased amorphous region due 

to the decrystallization brought about the increase in amount of absorbed water initially, on 

the other hand, they cannot hold water for long time because of limited number of amide 

groups and hydroxyl groups that bond water molecules tightly through hydrogen bonds. This 

is somewhat evidence that the degree of crystallinity was decreased after the treatments. 
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Both the degummed silk and the treated silk caused somewhat red blood cell 

aggregation. Since clear blood clots were not formed on the fiber during the blood 

coagulation tests, the red blood cell aggregation ability was measured by microscopic 

observations of sedimentation phase in the blood after the test. The blood coagulation test 

revealed that the treated silk fibers lead to less red blood cell coagulation than the original 

degummed silk fibers due to their less hydrophobicity. Since hydrophobic modification of 

the silk fibers by SDS did not bring about any obvious improvement on the red blood cell 

aggregation, we could not conclude that the hydrophobic modification could be a trigger of 

red blood cell aggregation in this research. Some replicates or other hydrophobic 

modification techniques as well as other evaluation methods for the blood coagulation are 

needed to reveal how the silk fibers interact with the blood proteins. In addition, the anti-

coagulant blood stabilized by heparin citrate was used in this research, but the blood 

coagulation test using fresh blood that is not stabilized will give us more accurate data to 

investigate the potential of the silk fibers as hemostatic wound dressings. 

In conclusion, this study focused on the potential ability of Bombyx mori silk fibroin 

as hemostatic wound dressing. We first consider that decrystallization of silk fibers must be 

needed in order to improve or enhance water absorbability or biodegradability of the silk 

because silk fibroin has strong crystalline structure and are inert to reactions. However, we 

have not obtained sufficient evidence to clarify the decrystallized silk fibers would be more 

useful for blood coagulation at this point. Other methods to measure the amount of red blood 

cell aggregation quantitatively would be needed in future study as well as detail interaction 

between the silk and blood proteins. 
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