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 Abstract 

 

The silk spinning process offers several advantages over the 

synthetic fiber spinning process. However, the mechanism of silk 

spinning has not been clearly elucidated. Silk consists of two 

proteins—silk fibroin (SF) and silk sericin (SS). Most studies have 

focused on the silk spinning mechanism based on the self-assembly 

of SF. However, the role of SS should not be ignored, because SS 

accounts for 25% of the total silk protein and surrounds the SF in 

the middle silk gland, maintaining the phase separation between 

them. Thus, the primary aim of this study was to investigate the 

effect of phase-separated SS on the conformational transition of 

SF. In addition, the metal ion partition between SF and SS was also 

investigated. Finally, the effects of metal ion diffusion between the 

phase-separated SF and SS on the gelation kinetics of SF were 

examined. 

For the study, an SF hydrogel was prepared in the presence of 

phase-separated SS over an SF solution. The gelation time of SF 

increased as the concentration of SS in the upper layer increased. 

The increased gelation time resulted in slow β-sheet formation in 

the SF solution in the presence of the SS layer. Moreover, the SF 

hydrogels prepared with 0.5% and 1.0% SS in the upper layer 

showed the typical X-ray diffraction pattern of Silk I. Thus, SS not 
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only prevents the premature β-sheet formation of SF, but also 

induces a Silk I hydrogel structure in the SF, even in the phase-

separated state.  

In the ion diffusion experiment, most metal ions showed a higher 

affinity for SF, except for the Na+ ion. The amount of diffused metal 

ions and the presence of phase-separated SS affected the gelation 

kinetics of SF. Most ions that diffused into the SF solution increased 

the gelation time of the SF solution. Among these, Ca2+ had the 

strongest delaying effect. The presence of phase-separated SS 

further increased the gelation time. However, Cu2+ shortened the 

gelation time.  

 

Keyword : : Silk fibroin, silk sericin, Silk I structure, gelation, metal 

ion, diffusion  
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 1. Introduction 

 

Silk fiber, a legendary material, is produced by some arthropods 

(silkworms, spiders, scorpions, mites, etc.) and is the most highly 

prized natural fiber [1]. This material has been used in the textile 

industry for a long time because of its excellent mechanical 

properties. In addition, because of its biocompatibility, it has 

recently attracted great interest as a biomaterial for tissue 

engineering, drug delivery, and high technology interfaces [2-4]. 

Among various silk fibers, Bombyx mori silk fiber has been widely 

used due to its broad domestication area and generality [5]. The 

fiber secreted by Bombyx mori is a continuous strand composed of 

two proteins, namely, fibroin and sericin, with very different 

characteristics. Fibroin constitutes 75% of the fiber strand weight 

and functions as a structural component. It is composed of two 

polypeptide subunits of 370 and 25 kDa, which are covalently linked 

by disulfide bonds. Sericin is a minor silk protein that glues the two 

fibroin threads together in order to create the compact and closed 

structure of the cocoon [6].  

The process of spinning silk fibers is environmentally friendly, 

and it has various advantages over synthetic fiber spinning. Silk 

spinning uses water as a solvent and spinning of the fibers occurs at 

ambient temperatures. In contrast, spinning of commercial synthetic 

fibers often requires organic solvents and temperature elevation 

[7]. However, the mechanism of silk fiber spinning has not been 
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fully elucidated. Understanding of silk spinning process will provide 

not only basic scientific insight, but also technical information for 

the manufacture of synthetic fibers.  

The spinning of silk is a type of dry spinning, with the solution 

state of silk gland protein converted into solid-state silk fibers in 

ambient air condition. The silk glands in the silkworm larvae are a 

pair of tubes. Silk fibroin and sericin are synthesized in the 

posterior and middle silk glands of the silkworms, respectively, and 

then transit into the anterior glands. During the silk spinning 

process, silk dope solution undergoes to some changes in its 

composition and physical state. First, the concentration of fibroin 

increases. Fibroin is synthesized in the posterior division (12%, 

w/v), and is transferred to the middle division (25%, w/v), followed 

by dehydration in the anterior division (30%, w/v). In this process, 

a conformational transition from random coil or Silk I structure to 

β-sheet rich Silk II structure is accompanied by a gel-sol 

conversion. The pH of the silk glands decreases gradually during 

the spinning process. In the posterior silk gland, a decrease in pH 

was observed from pH 8.2 to 7.2. In the middle silk gland, the pH of 

the dope solution is maintained at a neutral pH of 7. At beginning of 

the anterior silk gland, a gradient decrease of pH was observed 

from pH 6.8 to 6.2 [8]. Various metal elements, including Na+, K+, 

and Cu2+ increase from the posterior division to the anterior 

division, with the exception of Ca2+, which decreases significantly in 

the anterior division [9]. 
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Among various hypotheses of silk spinning mechanisms, the most 

well established is the micellar self-assembly model based on the 

primary structure of fibroin. Jin & Kaplan [10] blended fibroin with 

poly ethylene oxide (PEO) and observed micelle structures of 

fibroin. Fibroin molecules have alternating repeated hydrophobic 

sequences (GAGAGS and GAGAGY) and non-repeated hydrophilic 

sequences. This amphiphilic structure of fibroin allows it to 

assemble into micelle structures. Due to this micelle structure of 

fibroin, hydrophobic regions of fibroin are buried inside the 

micelles. This micelle structure will therefore prevent β-sheet 

formation and its related aggregation, even though there is a high 

concentration of fibroin in silk glands.  

We have a lot of information on silk gland and spinning process, 

but we still cannot fabricate silk protein fibers with similar strength 

as natural silk fibers. This means that we do not fully understand 

the silk spinning process. As mentioned above, silk protein consists 

of fibroin and sericin. So far, most research on silk spinning 

mechanisms has focused on the self-assembly of fibroin itself. 

There has been relatively little study on the role of sericin, which 

accounts for 25% of the total silk protein. For example, in order to 

change the metal ion concentration, metal transfer between fibroin 

and sericin is required. However, the change in metal concentration 

in fibroin cannot be explained without the sericin layer that 

surrounds the fibroin. However, there are no studies on metal ion 

diffusion behavior between these silk proteins. Recently, there have 
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been a few reports on the role of silk sericin in the process of 

spinning silk fibers. Lee [11] observed micelle structures in a 

blended film of fibroin and sericin. He speculated that the hydrogen 

bonds between fibroin and sericin retard the β-sheet 

crystallization of fibroin even though the two silk proteins are phase 

separated. However, Lee investigated film form of silk proteins, 

which is different from the sol state of the natural silk gland dope 

solution. For this reason, it is necessary to examine the interaction 

between fibroin and sericin in the liquid state. 

In this study, the interaction between the liquid state of fibroin 

and sericin was investigated. The effect of sericin on the gelation of 

fibroin was determined in a macro phase separation state. The 

effects of sericin concentration on gelation and β-sheet 

conformational transition kinetics were also studied. The secondary 

and crystal structures of fibroin during gelation with phase-

separated sericin were studied using Fourier transform infrared 

spectroscopy (FTIR) and X-ray powder diffraction (XRD). 

Ion diffusion behavior between fibroin and sericin was 

investigated in phase separation, which is similar to the structure of 

natural silk glands. In order to study ion diffusion between silk 

proteins, an ion-coupled plasmon atomic emission spectrometer 

(ICP-AES) was used to calculate the amount of diffused metal ions. 

Additionally, the effects of metal ion diffusion on the gelation 

kinetics of fibroin were investigated. 
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 2. Literature survey 

2.1. Silk protein  

2.1.1 Silk fibroin (SF) 

Silk proteins that are spun into fibers by silkworms and spiders in 

mild environments, including ambient and aqueous conditions, have 

long been used in the textile, industrial, and biomedical fields 

because of their excellent mechanical properties [12-15]. There 

are various sources of silk fibers, but most silk is obtained from the 

cocoon silk produced by Bombyx mori, because of its widespread 

domestication. Silk fiber secreted by Bombyx mori contains two 

types of proteins, namely, silk fibroin (SF) and silk sericin (SS). 

SF, the ‘core’ protein, accounts for about 70–75% of the total 

cocoon and is a hydrophobic protein secreted from the posterior 

part of the silk gland [16]. SF is a heterodimeric protein that 

consists of a heavy chain (H-chain) and a light chain (L-chain) 

linked by disulfide bonding between cysteine residues [17-20]. 

The molecular weights of the H-chain and L-chain are 

approximately 390 and 25 kDa, respectively [21,22]. Analysis of 

the amino acid composition of SF shows that it mainly contains 

glycine (G), alanine (A), and serine (S) [23]. The results of a 

sequence analysis of the SF heavy chain, indicates that it has 12 

repetitive and 11 non-repetitive regions that alternate [24,25]. The 

repetitive regions tend to form the crystalline regions, while the 
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non-repetitive regions may form the amorphous regions. Highly 

repetitive regions begin with the amino acid sequence GAGAGS 

(generally repeated 15 times), end with GAAS, and form β-sheet 

structures in the spun fibers, which are responsible for their 

mechanical properties [26]. In addition, the non-repeated region is 

made of hydrophilic amino acids, which are located between the 

hydrophobic repeated sequences (Figure 1.). Therefore, the SF 

molecule exhibits amphiphilic properties [27,28]. SF can be 

extracted from silk cocoons in a process called degumming, which 

removes SS from SF. 

 

2.1.2. Silk sericin (SS) 

SS is a group of polypeptides that make up 25–30% of the total 

silk protein weight [29,30]. SS is synthesized and secreted in the 

middle gland of the silkworm and forms a phase-separated sticky 

layer that surrounds the SF. SS is a glue-like protein that serves 

not only as a cover for the SF filament, but also as an adhesive to 

bind the two SF filaments together. Five SS polypeptides, s-1, s-2, 

s-3, s-4, and s-5, have been reported from different sections of 

the middle gland of Bombyx mori, among which s-1, s-2, and s-3 

are the major components [31]. These major fractions of SS have 

been isolated from cocoons, and they have molecular weights of 

400, 250, and 150 kDa, respectively. These proteins also 

correspond to the SS secreted in the middle, anterior, and posterior 
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parts of the middle gland, respectively [32]. SS is composed of 18 

amino acids with polar amino acids that have hydroxyl and carboxyl 

groups. SS is water soluble and hydrophilic, due to the high content 

of serine and aspartic acid, which represent approximately 33.4% 

and 16.7% of the amino acid content of SS, respectively [33,34] 

Although most of the SS protein is soluble in hot water or alkaline 

aqueous solutions, SS can be easily removed in a process known as 

‘degumming’ and isolated as a pure product if needed. Depending 

on the extraction methods, the reported molecular weights of SS 

have ranged from 10 kDa to over 400 kDa [35-37]. 

 

2.2. Mechanism of silk spinning process  

2.2.1. Crystalline structure of SF 

The crystalline structure of Bombyx mori silk SF is divided into 

Silk I, II, and III structures. Among these, Silk III is a new silk 

structure that was first observed at the air-water interface and 

later at organic-water interfaces [38].  

The two most commonly recognized crystalline structures are 

called Silk I and II. During the spinning process, silk protein in the 

Bombyx mori silkworm exists primarily as either Silk I or random 

coil forms in the silk glands and then undergoes a conformational 

transition to the ß-sheet conformation dominated Silk II crystalline 

form [39].  
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Silk I crystalline structure is a metastable structure in the glands 

of silkworms before the spinning process. These crystalline 

structures of SF have been characterized in details by X-ray 

diffraction, electron diffraction, and infrared and solid-state nuclear 

magnetic resonance (NMR) spectroscopic techniques [40-44]. 

Suzuki et al. determined the liquid silk structure before spinning at 

the atomic level using solution NMR. The structure of native silk 

gland was determined and compared with that of synthetic motifs, 

especially between repeated sequences with (GAGAGX)n (X = S, 

Y, V) and GAASGA motifs in the Bombyx mori SF. They proposed a 

type II β-turn structure for liquid silk, which is close to the 

structure determined from solid state NMR for the motif, 

(GAGXGA)n, while the motif GAASGA is disordered in its 

conformation and probably forms a flexible segment.  

Silk II gives rise to the crystalline structure of SF in native silk 

fibers, with anti-parallel β-sheets crystallized in hydrophobic 

regions. Marsh et al. [45] were the first to propose an anti-parallel 

β-sheet model, based on a fiber diffraction study of native Bombyx 

mori silk fiber. Takahashi et al. [46] reported a more detailed X-

ray fiber diffraction analysis of Bombyx mori SF based on 35 

quantified intensities and proposed that two anti-polar anti-parallel 

β-sheet structures were stacked in different orientations, 

occupying the crystal site at a ratio of 1:2. Even though the local 

protein conformation is still the β-sheet, the refined Silk II model 

accounts for the stacking of the β-sheet planes in two different 

 8 



 

arrangements.  

Crystalline and secondary structures of SF have been identified 

by X-ray diffraction. [47-49]. Silk I has random coils with some 

β-turn structures (type II β-turn), and Silk II has anti-parallel 

β-pleated sheet structures. The corresponding d spacing for Silk I 

and II are as follows (in nm): 0.98 nm, 0.48 nm, and 0.43 nm in Silk 

II, and 0.74 nm, 0.56 nm, 0.44 nm, 0.41 nm, 0.36 nm, 0.32 nm, and 

0.28 nm in Silk I structures, respectively. From these d spacing 

peaks, the typical peak occurs at 0.74 nm in a typical Silk I 

crystalline structure region of scattering space, which is separated 

from peaks found in the Silk II structure. Therefore, a peak near 

0.75 nm is strong evidence for a Silk I structure [50]. 

 

2.2.2. Self-assembly of SF 

Silk protein fibers produced by some arthropods (silkworms, 

spiders, scorpions, mites, etc.) play variety roles, such as structural 

support, protective shelter, foraging, and reproduction. Silk protein 

fibers possess extraordinary mechanical properties compared to 

other natural protein fibers. In order to explain the superior 

mechanical properties of silk fiber, the self-assembly process of 

the silk proteins in its spinning process must be understood.  

From previous studies related to the structural changes in or 

self-assembly of the silk protein, it is clear that silk protein 
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experiences conformational transitions from the water-soluble Silk 

I-like conformation to water-insoluble crystalline β-sheet Silk II 

conformation [51-53]. The secondary structures of SF in aqueous 

solution in the middle gland are gradually transformed from random 

coils to a β-sheet conformation [54]. The anterior part of the 

middle gland shows birefringence, indicating the formation of liquid 

crystal structures. This structural change in the silk protein is 

known to take place along with the flow of silk protein in the silk 

gland. However, these changes are not fully understood. 

Inoue et al. observed the morphological structure of SF from 

Samia cynthia ricini using Atomic force microscopy (AFM) and 

proposed the textile fabric-like protofilament aggregation 

mechanism [55]. The α-helical SF molecules self-assemble to 

highly ordered nano-fabric structures (Figure 1). As a result, a 

rigid rod-like structure forms aggregates by end-to-end 

electrostatic interactions. However, this hypothesis did not include 

the conformational transition of SF molecules from an α-helical to 

a β-sheet structure, which is the main secondary structure of 

Samia cynthia ricini fibers [56].  

Li et al. [57] investigated the conformational transition from 

random coils to β-sheets and the β-sheet aggregation of 

Bombyx mori SF by circular dichroism (CD) spectroscopy and 

concluded that this conformational transition is mediated by a 

nucleation-dependent aggregation process. They proposed a 

two-step aggregation mechanism: First, a nucleation step that is  
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Figure 1. Schematic of the textile fabric-like protofilament aggregation mechanism 

[55].  
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rate-limiting and that involves the conversion of soluble random 

coils to insoluble β-sheets. This formation of ordered β-sheet 

aggregates, called a nucleus or seed, is thermodynamically 

unfavorable. Once nuclei are formed, the aggregation step is 

followed by further growth of the β-sheet unit is 

thermodynamically favorable, resulting in the rapid extension of 

β-sheet aggregations. 

Gong et al. [58] promoted the in vitro assembly of Bombyx mori 

SF in solution by providing a certain microenvironment and 

observed SF protofibrils with an average width of about 5.5 nm. In 

addition, they measured the height of protofibrils by AFM, which 

showed an average height of 1.3 nm, indicating that the silk 

nanofibrils are in a tape-like shape rather than cylindrical. From 2D 

wide-angle X-ray diffraction (WAXD), the crystal structure of silk 

nanofibrils was found to be partially oriented in a cross β-sheet 

structure. Alternating β-strands and disordered loops or turns will 

form a laminated β-sheet, and the stacking of two such β-sheets 

forms a tape-like structure (Figure 2). They suggested that the 

repetitive sequence of SF forms one strand, and the turn-pair and 

tyrosine-rich sequences such GAGAGY form the extended 

disordered structures. Furthermore, applying simple shear force, 

the direction of β-strands could be oriented parallel to the fibril 

axis. This shear force commonly exists in the natural silk spinning 

process and has a vital role in the orientation of molecules in silk 

fibers. The most credible hypothesis among many is the micelle- mediated 
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Figure 2. Structural model of the molecular arrangement of cross β-fibrils in silk 

fibroin [58].  
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nanofiber formation mechanism (Figure 3). Jin and Kaplan [10] 

found spherical micelle structures of SF in PEO/SF blend films. 

These micelle structures assembled because of the unique amino 

acid sequence of SF, with the repeated hydrophobic blocks 

(GAGAGS) between hydrophilic amino acid blocks (non-repetitive) 

and the polar N-terminus and C-terminus present at the ends of 

the molecules. Due to the repetition of these hydrophobic-

hydrophilic amino acid sequences, SF can form a micelle structure 

to increase solubility and conformational stability in water in a high 

polymer concentration. These micelle structures are attracted to 

one another to form of globular microsphere, and with the 

elongation and alignment of globules that occur with physical shear 

force, the fibrillar structures finally resemble filament-like 

structures. Herein, a synthetic hydrophilic polymer, PEO, is used 

for the replacement of SS protein that surrounds SF. 

 

2.2.3. Silk gland composition and the role of the silk 

gland at each stage in the silk spinning process 

The Bombyx mori silkworm is known to spin silk fibers with 

outstanding mechanical properties. This silk spinning process has 

three advantages. First, it uses water as a solvent; second, the 

spinning process is performed at room temperature and pressure; 

and, third, silk fibers form without a specific coagulation bath. To 

understand the spinning mechanism of natural silk fibers, 
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Figure 3. Schematic of the micellar self-assembly mechanism [10].  
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investigations on the in vivo spinning process of silkworms is very 

important. 

The silkworm gland has a unique and specialized secretory 

system. Silk glands of Bombyx mori silkworm are paired and are 

located on each side of larvae [59, 60]. Generally, silk glands are 

divided into three parts, the posterior (P), middle (M), and anterior 

(A) divisions. The middle part of the silk gland is again divided into 

three divisions (Figure 4), the posterior (MP), middle (MM), and 

anterior (MA) divisions of the middle part of silk gland [61, 12]. 

The different parts of the silk gland have their characteristic 

properties and roles in the spinning process [62]. In the posterior 

part, SF is synthesized and secreted into the lumen of the silk 

gland. The S-shaped middle part of silk gland acts as a large 

reservoir, receiving the SF from the posterior part. At the same 

time, SS is synthesized and secreted in this part. During spinning, 

SF and SS migrate without mixing into the anterior parts. Here, a 

gel-sol transition occurs upon migration from the middle division to 

the anterior division. In the anterior division, dehydration and 

concentration processes occur, and, finally, the liquid crystalline sol 

state of silk protein will be spun into fiber [63, 64]. During this 

process, silk proteins are exposed to various environments. 

Previous studies have shown that water contents, pH, metal ion 

concentration, and shear and elongational stress vary in the silk 

gland. From the posterior to anterior division, the concentration of 

SF increases, the pH of the silk solution decreases, and the 
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Figure 4. Silk gland composition and its role of silk gland at each stage in silk 

spinning process [12]. 
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concentration of most of metal ions increases. 

 

2.3. Effects of interaction between SF and SS on the 

process of spinning silk fiber 

In the silk spinning process, the pH of the silk solution, ionic 

strength, and water contents all have very important roles. 

However, studies on the silk spinning process have all been carried 

out with SF alone. When the Bombyx mori silk fibers are viewed 

under a microscope, one strand of SS is seen wrapped and glued 

around two strands of SF. Therefore, a change in physiological 

composition of SF must take place when substances move out or in 

through the SS layer. In the movement of physiological substances, 

with the SS layer containing various functional groups, it is difficult 

to imagine that the SS does not have any role in the silk spinning 

process. Even though SS accounts for one quarter of the total silk 

fiber, its role has not yet been determined, although some minor 

functions have been suggested. 

Recently, the effect of SS on the mechanical properties of 

regenerated silk fibers has been revealed. Ki et al. [65] 

investigated the effect of residual SS on the mechanical properties 

of regenerated silk fibers. The regenerated silk protein containing 

residual SS was obtained by control the degumming process. The 

properties of formic acid redissolved in regenerated silk dope 
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solution and fiber formation characteristics of wet spun silk filament 

were investigated. The tenacity of regenerated silk filaments 

containing 10–20% of SS was 50% higher than the filaments without 

SS. Furthermore, in the regenerated aqueous SF solution under 

shearing conditions, SS accelerated the formation of silk protein 

aggregates. Additionally, the rate of formation rate and amount of 

precipitated aggregates were enhanced when a certain amount of 

SS was in the solution. The main secondary structures of the 

resulting precipitate were β-sheets, indicating that a proper 

amount of SS combined with shearing forces could induce a 

transition in silk conformation [66]. 

Hang et al. [67] mimicked the core-shell structure of the natural 

silkworm silk to produce electrospun silk nanofibers. The average 

breaking strength and breaking energy of a coaxial SF/SS fiber mat 

were greater than those of electrospun pure SF fibers. The coaxial 

SF/SS fiber had more β-sheet (and related intermediate) 

structures and better thermo-stability. The hydrophilic amino acid 

side chains of SS affected the dehydrating process of SF molecules 

and induced the β-sheet conformational transition. 

Lee [11] investigated that the micelle structure of SF with a 

phase-separated morphology in a prepared SF and SS blended film. 

Interestingly, the crystallization process of SF was affected by SS. 

The thermal and structural analysis of the SF and SS blend films 

revealed that a delay in crystallization of SF occurred when SS was 

located around the SF micelle. This tendency was also found in high 
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molecular weight SS, which is similar to actual SS, even though the 

SS layer is located in macroscopic phase separation conditions 

[68]. 

 

2.4 Metal ion concentrations in the silkworms and 

their effects 

Metal ions are known to influence the conformational transition in 

silk-like proteins, such as prion proteins (PrP) and amyloid β-

peptides, associated with fatal neurodegenerative disease and 

Alzheimer’s disease, respectively [69, 70]. These proteins 

undergo a transition from a helical conformation to β-sheet 

structures, and this is greatly affected by the presence and 

concentration of metal ion species. Therefore, SF, which has a 

similar structural transition, the investigation of metallic ions in the 

silk gland is very important. However, there are only a few studies 

on this subject. Zhou et al. [71] analyzed the metal elements in silk 

glands and silk fibers of Bombyx mori silkworms by proton induced 

X-ray emission (PIXE), inductively coupled plasma mass 

spectroscopy (ICP-MS), and atomic adsorption spectroscopy 

(AAS). Various metals, including the alkali metals (Na+, K+), alkali 

earth metals (Mg2+, Ca2+), and transition metals (Zn2+, Cu2+, Fe3+), 

were found in both silk glands and produced silk fibers. Since 

cocoon silk, forced drawn silk and degummed silk have different 

concentrations of these various metal species, these differences 
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might relate to the spinning process of the Bombyx mori silkworm. 

For detailed studies on the effects of metal ions on the secretory 

pathway of Bombyx mori, a change in six major metallic ions (Na+, 

K+, Ca2+, Cu2+, Mg2+, Zn2+) in each part of the middle of the silk 

gland were investigated. K+ and Ca2+ were the most abundant metal 

ions in all parts of the silk gland (several mg of metal ions per gram 

of silk protein). The change in concentration of the ions 

concentration, with the exception of Ca2+, tended to increase from 

the posterior part to anterior part. 

Ochi et al. [72] proposed that SF molecules from silk glands 

consisted of elementary units (EU) and that their interactions 

resulted in different behaviors according to their concentrations. In 

the dilute region, SF molecules show a network structure with little 

elasticity, mainly due to ionic bonding between COO- ions of the SF 

molecules and divalent metal ions such as Ca2+ or Mg2+. These 

network structures showed increasing viscoelastic properties as the 

metal ion concentrations increased, and are helpful in the storage 

role of middle gland. At a concentration of 27.5 wt%, which is equal 

to that of the middle gland, the network structure is homogeneous 

and more stable in varying temperatures. 

Only a few research groups have investigated the effect of ion 

species on the mechanical properties of silk fibers. Recently, Xia et 

al.[73] investigated the effect of Na+, K+, and Ca2+ on the 

mechanical properties of silk fibers by over-expressing ion-

transporting proteins in the spinning ducts of silkworms. The 
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reduction in Na+ and K+ disrupted the ordered structures and 

maintained the random coil structures, which made the cocoon fiber 

more brittle and weaker than the silk fibers that had not been 

genetically modified. Whereas Ca2+ induced silk fibers with more 

α-helical and β-sheet structures that stabilized the ordered 

structures of silk fibers and produced fibers with higher breaking 

strength and tenacity. This suggests that, in the silk spinning 

process, metal ion species and concentrations have a great impact 

on the mechanical properties of silk fibers and the silk spinning 

process.  
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 3. Materials and methods 

3.1. Materials 

Bombyx mori silkworm and its cocoons were kindly provided by 

National Academy of Agricultural Science. Lithium chloride (LiCl), 

formic acid, sodium carbonate (Na2CO3), sodium oleate, calcium 

chloride (CaCl2) and sodium chloride (NaCl) purchased from Sigma 

Aldrich (USA). Methanol and ethanol (EtOH) were purchased from 

Samchun (Korea) and dimethyl sulfoxide (DMSO) was purchased 

from Acros (USA). Other reagents were purchased from Sigma 

Aldrich (USA). 

 

3.2. Preparation of regenerated aqueous SF and SS 

solution 

The silk cocoons were degummed twice with 0.2% (w/v) sodium 

carbonate and 0.3% (w/v) Marseille soap solution at 100 ℃ for 30 

min, and then rinsed with distilled water to remove residual SS. 

Following this, the SF was dried in an oven at 50 ℃.  

To obtained the high molecular weight SS which is prevented from 

the molecular degradation, urea–mercaptoethanol extraction method 

used. The cocoon pieces were immersed in a 5% (v/v) 2-
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mercaptoethanol in 8 M urea solution and were heated at 80 ℃ for 

10 min. After the extraction, the solutions were filtered through a 

nonwoven filter to remove the remaining cocoon pieces. Extracted 

SS solution lyophilized and stored in desiccator before the use. 

For the preparation of aqueous regenerated SF and SS solution, 

extracted SF and SS dissolved in a 9.3 M LiBr solution at 50 ℃ for 

4 h. The solution was then dialyzed in distilled water with a 

cellulose membrane (molecular weight cut off = 6000–8000, 

Spectrum Laboratories, Inc.) for two days. The final SF and SS 

concentration was adjusted 4%, 1% (w/v) with distilled water 

respectively. 

 

3.3. Gelation experiment of SF 

3.3.1. Gelation kinetics of SF with phase separated 

SS 

To monitor the gelation of SF with phase separated SS, 10 ml of 

aqueous SF solution added to the 20 ml vial. Then, 5 ml of distilled 

water and aqueous SS (0, 0.25, 0.50 and 1.00%, w/v) with 100 ppm 

of rhodamine B dye was added to the above SF solution. In order to 

maintain the interface between the two solutions, SS was added 

carefully using a syringe pump (KD Scientific, USA). The phase 

separation SF and SS was observed using digital camera by taking 
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photos when gelation was occurred at each SF solution.  

Gelation time was investigated in covered 24-well plate and 

incubated in micro-plate reader which is available to control the 

temperature at 50 ℃. First, 2.0 mL of aqueous SF was added to 

each well. Then, 1.0 mL of distilled water or aqueous SS with 

various concentrations (0, 0.25, 0.50, and 1.00%, w/v) were added 

the above the SF solution (Figure 5). To determine the gelation 

time, turbidity changes at 550 nm were monitored with a Microplate 

Reader (Synergy H1, Biotek, USA). SF gelation occurs with a 

heterogeneous microstructure leads to an increase the degree of 

light scattering which is possible to know the increase of the 

absorbance. Gelation time of SF was defined as the time from the 

beginning of incubation to the point when the plateau of optical 

density was reached [86] 

 

3.3.2 β-sheet transition kinetics of SF with phase 

separated SS 

A fluorescence spectrum (FLS) was recorded using a microplate 

reader. For fluorescence measurement, 20 μM of thioflavin T 

(ThT) was added to the SF (4%, w/v) solution. For the effective 

monitoring of fluorescence signal, the gelation process was 

conducted using black plate (Vision plate 24, 4titude, England). The 

excitation wavelength was set at 420nm and the emission spectrum  
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Figure 5. Typical experimental setup for the observation of gelation time of SF in a 

phase separated system.  
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was taken from 480 nm. Time interval for the gelation kinetics was 

1 h. Relative gelation kinetics was obtained by following as: 

ß-sheet transition kinetics (%) = 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑆𝑆𝑆𝑆𝑡𝑡−𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑆𝑆𝑆𝑆𝑠𝑠
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑆𝑆𝑆𝑆𝑔𝑔−𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑆𝑆𝑆𝑆𝑠𝑠

 × 100 

IntensitySFg = Fluorescence intensity of SF when gelation completed 

IntensitySFs = Fluorescence intensity of SF solution at time0 

IntenstitySFt = Fluorescence intensity of SF solution at timet 

 

3.4. Characterization of SF solution and hydrogel 

3.4.1. Fourier-transform infrared (FTIR) 

spectroscopy 

Prepared SF solution and hydrogel were lyophilized for 

characterization of SF structure. Lyophilized silk sponges were 

prepared into pellet (diameter < 13 mm) using pellet press (The 

PIKE Technologies, USA). FTIR absorption spectra of SF sponge at 

the wavenumber range of 1600–1700 cm-1 was determined with a 

Fourier Transform Infrared Instrument (FTIR Nicolet iS5, Thermo 

Scientific, USA). For each measurement, scanning was repeated 

128 times with a resolution of 4 cm-1. The quantitative analysis on 

the structural characteristics of SF hydrogel was carried out at the 

amide I band between 1600-1700 cm-1 through the multi-peak 

fitting method. Prior to fitting amide I band, the baseline correction 

with a straight line between 1600–1700 cm-1 and the nine-point 

multi-peak Gaussian fitting of FTIR spectra were performed by 
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Origin software. The relative area of the overlapped single bands 

are used for estimating the proportion of secondary structures such 

as random coil, α-helices, β-sheet and turns. The single bands 

of SF hydrogel were assigned to the corresponding secondary 

structures according to previous studies [74,75]: 

1605–1615 cm-1; aggregated strands, 1616–1637 cm-1; β-sheet, 

1638–1655 cm-1; random coil, 1656–1662 cm-1; α-helices, 1663–

1695 cm-1; turns. The crystallinity index of a SF hydrogel was 

calculated as the intensity ratio of the 1645 and 1620 cm-1 

absorptions of the amide-I band which corresponded to the β-

sheet and random coil conformation, using Eq [76, 77]. 

 

Crystallinity index (%) = 
𝐴𝐴1620𝑐𝑐𝑐𝑐−1 

𝐴𝐴1620𝑐𝑐𝑐𝑐−1+ 𝐴𝐴1645𝑐𝑐𝑐𝑐−1 
 × 100 

A1620 cm
-1, Absorbance at 1620 cm-1 

A1645 cm
-1, Absorbance at 1645 cm-1 

 

3.4.2. X-ray diffraction (XRD) 

Subsequently, X-ray diffraction (XRD) was performed using an 

X-ray diffractometer (D8 DISCOVER, Bruker, USA) with CuKa 

radiation. Irradiation conditions were 40 kV and 40 mA. XRD 

patterns were recorded at a speed of 2°/min at 40 kV and 35 mA in 

the region of 2θ from 5°to 40°.  
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3.4.3. Mechanical tests 

To investigate the mechanical property of SF hydrogel, uniaxial 

compression experiment was performed. Cylindrical hydrogel with 

flat and parallel surfaces with 15 mm diameter and 10 mm height 

were prepared and were allowed to swell in distilled water for 24 h 

before the test. The samples were mounted at the base and 

compression tests of hydrogels were performed on an Universal 

Testing Machine (Lloyd Instruments, Ltd., UK) equipped with a 0.5 

kN load cell at room temperature. A cross head speed was 10 

mm/min. All data were collected for quadrupled samples. 

 

3.4.4. Dissolution and enzymatic degradation test 

Lyophilized SF hydrogel samples of 15 mg (±1 mg) with 

incubated at 37 ℃ in phosphate-buffered saline (PBS) solution 

containing α-chymotrypsin from human pancreasin 1.5 ml 

eppendorf tubes. Degradation studies were performed with 1 U/ml 

α-chymotrypsin in phosphate buffered saline (PBS). After one day 

incubation period, SF residues were centrifuged at 10,000 rpm for 

10 minutes and wash twice with distilled water. After rinsing, SF 

residues were centrifuged again at 10,000 rpm for 10 minutes to 

collect the silk residues. The SF residues were dried overnight in a 

hood and the mass were determined using an analytical balance. 

Four samples from each group were taken at each time point to get 
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statistically significant data (N= 4). Samples incubated in PBS at 

37 ℃ without enzymes to investigate the dissolution properties of 

SF. 

 

3.5. Preparation of Bombyx mori Silk Gland Samples 

Whole silk glands were dissected from mature fifth instar Bombyx 

mori silkworms approximately 12 h before commencement of 

spinning. The silkworms were immersed in diethyl ether for 1 min 

for anesthesia. The epithelium was not removed from the gland to 

reduce the risk of loss of metallic ions from the luminal contents. 

The gland was briefly rinsed with distilled water to remove 

hemolymph, and then was blotted with tissue paper. The silk gland 

is divided into three divisions: posterior (P) division, middle (M) 

division, and anterior (A) division. In these parts of silk gland we 

choose the middle division of silk gland for the investigation of 

metal ion contents because of its lager volume and mass. The metal 

ion content in the silk gland and cocoon fiber was measured as 

follows. An equal amount of protein in the silk gland and cocoon 

fiber was dissolved in 50% (v/v) HNO3 solution. The resulting 

solution was diluted with a known volume of distilled water. The 

measurements were performed with a ICP-Atomic Emission 

Spectrometer (ICP-AES, Optima-4300 DV, Perkin-Elmer inc, 

USA) using the following conditions: power, 1350 W; detection 

mode, pulse counting. All measurements were repeated 5 times and 
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averaged.  

For component analysis of middle division of silk gland, the wide 

M division is further divided into three divisions, the posterior (MP), 

the middle (MM) and the anterior (MA). The thin epithelial surface 

of the glands was removed carefully with forceps. After blotting 

with filter paper, the whole middle divisions and the separated parts 

were transferred directly moisture analyzer (MB45, Ohaus, USA). 

The remaining solid silk protein transferred into methanol for 1 h to 

carried out the selective β-sheet crystallization. SF molecules 

converted into β-sheet conformation with very short time while 

SS molecules maintained the its random coil conformation due to its 

difference of hydrophilicity. The methanol treated silk protein was 

degummed with 0.2% (w/v) sodium carbonate and 0.3% (w/v) 

marseille soap solution at 100 ℃ for 30 min, and then rinsed with 

distilled water to remove any SS. The remaining solid contents 

determined as contents of SF. The amount of SS was calculated the 

difference between total solid contents and contents of SF. 

 

3.6. Ion diffusion behavior between SF and SS 

3.6.1 Ion diffusion between SF and SS 

To investigate the ion diffusion behavior between SF and SS, 

experimental condition divided into two circumstances, first is 

phase separation between SF and distilled water, the second is in 
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vitro macro phase separation between SF (4%, w/v) and SS solution 

(1%, w/v). The macro phase separation condition between SF and 

distilled water was prepared using syringe pump. 20 ml of SF 

solution (4%, w/v) containing metal ion solutions (4000 μg) added 

into the 50 ml of conical tube. Then, 20 mL of distilled water or SS 

solution was added to the above SF solution. In order to maintain 

the interface between the two solutions, distilled water or sericin 

solution was added carefully using a syringe pump (KD Scientific, 

USA), (Figure 6). Phase separated solutions incubated in oven at 

25 ℃, and 10 ml of upper layer solution was carefully obtained for 

the analysis of metal ion diffuse amount. The concentration of metal 

ions using a ICP-Atomic Emission Spectrometer (ICP-AES, 

Optima-4300 DV, Perkin-Elmer inc, USA). 

 

3.6.2. Ca2+ binding ability of SF and SS 

The Ca2+ binding abilities of the aqueous SF and SS solutions 

were examined according to a previously reported method. [78] 

The formation rate of turbid calcium carbonate precipitates was 

monitored by the absorption at 570 nm of a solution prepared by 

adding 1.5 mL of 100 mM CaCl2 solution to a mixture of 1.5 mL of 

100 mM NaHCO3 (pH 8.7) and 300 μL of aqueous SF and SS 

solutions with concentrations of 0.5% and 1.0% (w/v). An 

ultraviolet/visible spectrophotometer (optizen 2120uv plus, 

mecasys, USA) was used to test the absorbance at 570 nm of the  
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(a) 

 

(b) 

Figure 6. Initial experimental setup of ion diffusion behavior between SF and 

distilled water (a), and SF and SS (b).  
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resultant mixture. The distilled water was used as a control. 

 

3.6.3. Cu2+ adsorption capacity of SF and SS 

The lyophilized SF and SS was dissolved in 1M lithium chloride 

(LiCl) / dimethyl sulfoxide (DMSO) solution for 2 h at 50℃ to 

prepare a dope solution. The dope solution was dropped into alcohol 

coagulants through a 26G syringe using a syringe pump (KD 

scientific, USA). Methanol was used as coagulants. The SF and SS 

beads were left in the coagulant bath for another 1 h. They were 

then filtered with a nonwoven filter and washed with the same 

coagulant to remove the residual LiCl and DMSO. To enhance the 

water stability and mechanical strength of the SF and SS beads, the 

beads were immersed in a crosslinking reagent. The crosslinking 

was performed with 2% (v/v) glutaraldehyde (GA) in the same 

coagulant. The reaction was carried out for 1 h at room temperature. 

Finally, the SF and SS beads were washed with the same coagulant 

followed by distilled water to remove the excess GA. 

Synthetic aqueous solutions containing Cu2+ (100 mg/l) have been 

prepared by dissolution of copper nitrate in distilled water. Batch 

adsorption experiments have been carried out by shaking 0.1 g of 

SF and SS beads with 100 ml of the copper solution of 100 mg/l 

concentration at 23 ℃. The suspension is agitated at 180 rpm for 1 

day. At the end of the adsorption, the SF and SS beads were 

removed by filtration and a sample of the filtrate is analyzed by 
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ICP-AES. 

The equilibrium adsorption capacity, qe, was determined using the 

following equation:  

qe =  𝐶𝐶0−𝐶𝐶𝑒𝑒
𝑀𝑀  ×𝑉𝑉 

 

where Co and Ce are the initial and the equilibrium concentration of 

the Cu2+ in the testing solution (mg/L), V is the volume of the 

testing solution (L), and M is the weight of the SF and SS beads (g) 

respectively. 

 

3.7. Gelation experiment of SF with SS in ion diffusion 

environment 

The gelation experiments of SF were carried out as follows. First, 

3 mL of aqueous SF containing various amounts metal ion solutions 

was added to 4.5 ml disposable cuvettes. Then, 1.0 mL of aqueous 

SS was added to the above SF solution. In order to maintain the 

interface between the two solutions, SS was added carefully using a 

syringe pump. To determine the gelation time, absorbance changes 

at 550 nm were monitored with UV/Vis Spectrophotometer (Optizen 

2120UV plus, Mecasys, USA). SF gelation occurred with a 

heterogeneous microstructure leads to an increase the degree of 

light scattering which is possible to know the increase of the 
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absorbance.  

Relative gelation kinetics was obtained by following as 

Gelation kinetics (%) = 
𝐴𝐴𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆𝑡𝑡−𝐴𝐴𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆𝑔𝑔𝑔𝑔
𝐴𝐴𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆𝑔𝑔−𝐴𝐴𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆𝑔𝑔𝑔𝑔

 × 100 

AbsSFg = Absorbance at 550nm of SF when gelation completed 

AbsSFs = Absorbance at 550nm of SF at time0 

AbsSFt = Absorbance at 550nm of SF at timet 
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4. Results and discussion 

4.1. Retardation effect of SS on the gelation behavior 

of SF 

4.1.1. Macro phase separation between SF and SS 

Among various fibrous protein materials, silk protein fiber, 

especially that produced by silkworms, has unique core-shell 

structural characteristics. The core protein is SF, which consists of 

two strands of a single fiber, and the shell protein is SS, which 

envelops these SF fibers. Although many studies have been 

reported on the silk spinning process, most of the results emphasize 

the self-assembly of SF alone without mimicking the natural 

structure of silk proteins. In order to fully characterize the silk 

spinning process, interactions between SF and SS should be 

identified.  

Based on the abovementioned literature survey, it is clear that SS 

can affect the mechanical properties of regenerated silk fibers. 

However, the stability of an aqueous silk solution has not yet been 

studied in detail. In the extracted silk gland solution, the 

concentration of silk solution has varied from 20–30%. The highly 

concentrated, regenerated aqueous silk solution is in a metastable 

state, which is easily converted into a β-sheet structure hydrogel. 

However, the silk gland solution in a silkworm is maintained in a 

hydrated gel-like state with a Silk I structure, until the silk protein 

moves to the spinning duct of the silkworm, which occurs during the 
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spinning process.  

To mimic the phase separation structure of silk fibers, we 

simplified the structure of SF and SS as macro phase separation 

environment. Oh et al. [68] found that the phase-separated state of 

SF and SS could be maintained when the SS solution was carefully 

loaded onto the top of the SF solution without disturbing the 

interface. Even though the concentration of silk protein in the silk 

gland is more than 20%, in this study, 4% (w/v) SF solution was 

used because a regenerated sericin solution of more than 1% (w/v) 

easily converts into a gel state before the phase-separated gelation 

experiment is performed. For this reason, 1% (w/v) sericin was 

selected as the limit for this experiment. Therefore, taking the 

weight ratio of SF and SS into consideration, 4% (w/v) SF was used 

in the gelation experiment. Figure 7 shows the phase separation 

state of SF (4.0%, w/v) and various concentrations of SS (0, 0.25, 

0.5, 1.0%, w/v) with the gelation behavior of SF. Upon gelation, SF 

converted to an opaque white color resulting from the 

heterogeneous microstructure of the SF gel. This clearly shows 

that the phase separation state is well maintained until the complete 

gelation of SF, which is at the bottom of the SS solution. The 

gelation of SF was delayed as the concentration of phase-separated 

sericin was increased. 

Nisal et. al [79]. investigated the partition coefficients of 

commercially available dyes and determined the preferential 

association of dyes with either SS or SF protein in the silkworm gland 

and in the cocoon fibers. In addition, the diffusion behavior of various  
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Figure 7. Images of SF-SS separation during SF gelation. 
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commercial azo dyes between phase-separated SF and SS layers 

were investigated, and the molecular weight of dyes and their 

chemical structures were found to be important in the diffusion 

behavior of silk proteins [80].  

In this study, rhodamine B dye, which has a strong affinity for SF, 

was used to monitor the interface between the two proteins during 

the gelation of SF [79]. Regardless of the affinity difference 

between SS and SF, rhodamine B dye could not diffuse into the SF 

layer, indicating that the phase separation between silk proteins 

was maintained in a liquid state. Color separation was observed until 

the gelation of SF was completed; indicating that at least the 

interface between the two proteins was maintained during SF 

gelation. Furthermore, the interface between the two silk proteins 

might have a role as a barrier against the transfer of certain 

molecular weight substances. 

Despite the phase separation between the two proteins, which 

remained macroscopically until the gelation of SF, the possibility of 

dilution or concentration differences between the two silk solutions 

was taken into account. To determine the protein transport between 

the SF and SS layers, the changes in the concentration of each layer 

before and after SF gelation were investigated. Figure 8 shows the 

concentrations of the SF and SS layers before and after the gelation 

experiment. When distilled water was on the upper layer, the 

protein concentration of the upper layer increased to 0.09 ± 0.02% 

(w/v), indicating that only a small amount of SF moved to the 

distilled water layer. This migration of SF into the distilled water 
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Figure 8. Concentration of each layer before (a) and after (b) gelation.  
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had similar effects on the dilution of the SF solution beneath it. 

When the SS was on the top layer, the concentration of SS solution 

also changed from 0.25 ± 0.03%, 0.50 ± 0.02%, and 1.00 ± 

0.03% to 0.29 ± 0.07%, 0.57 ± 0.09%, and 1.10 ± 0.10%, 

respectively. Even though the concentration of the SS layer was 

slightly increased, this increase was negligible.  

 

4.1.2. Retardation of gelation time of SF solution in 

the presence of phase separated SS solution 

 In the previous , photos showed the delay in SF solution gelation 

in the presence of a phase-separated SS layer. This means that the 

SS layer might play a significant role in the gelation kinetics of SF 

solution. Therefore, the gelation kinetics of SF solution in the 

presence of a phase-separated SS layer was investigated in more 

detail using an optical spectrometer.  

As mentioned above, the transparent sol state SF solution 

becomes opaque when gelation has occurred [81]. To track the 

effect of phase-separated SS on the gelation behavior of SF, optical 

density changes at 550 nm were monitored. The SF gelation time 

was defined as the time from the beginning of incubation to the 

point when the plateau of optical density was reached [82]. For 

comparison, other polymers, such as bovine serum albumin (BSA) 

and synthetic polyethylene glycol (PEG 200K), were selected as 

controls for the experiment. Figure 9 shows the optical density  
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Figure 9. SF gelation delay with various polymers (1%) in the layer above SF (SF 

at 4%). (a) Representative optical density changes and (b) gelation time of various 

SF solutions.  
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changes and gelation time of regenerated SF solutions with various 

polymers in the phase-separated condition. The gelation time of 

the neat SF solution and SF solution separated with distilled water, 

the gelation time with BSA and PEG 200K was nearly 40 h. 

However, the gelation time of SF was delayed to 115 h in the 

presence of SS in the upper layer. This indicates that SS in a phase 

separation state can effectively retard the gelation behavior of SF 

solutions.  

 

4.1.3. Effect of the phase-separated SS solution pH 

on the gelation kinetics of SF 

The pH of protein solutions greatly affects the supramolecular 

structures of those proteins. Protein materials have isoelectric 

points with no net electrical charge state. If the pH of a protein 

solution is closer to its isoelectric point, the electrostatic repulsion 

of molecules is decreased, thereby allowing more opportunities for 

inter- or intramolecular interaction. SF exhibits conformational and 

morphological transitions from random coil and spherical micelles to 

β-sheet and nanofibrilar structures as the pH of a solution comes 

closer to the isoelectric point [27]. To find out the effect of the SS 

layer pH on the gelation kinetics of SF, an SF gelation experiment 

with phase-separated SS solution at various pH was carried out 
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(Figure 10). Regardless of the pH of the SS solution, it delayed the 

gelation of SF. This indicates that phase-separated SS with a 

weakly acidic or neutral pH, which is similar to the pH in silk 

glands, affects the SF gelation kinetics. 

 

4.1.4. Effect of SF concentration on the gelation 

kinetics of SF with a phase-separated SS solution 

The concentration of SF is known to affect gelation time. 

Generally, the gelation time of SF is inversely proportional to the 

SF concentration [83]. Figure 11 shows the gelation time with 

various concentrations of SF, with or without a phase-separation 

state of distilled water or SS. Phase separation with distilled water 

was used as a control. The gelation time of the SF aqueous solution 

without SS decreased with an increase in the SF concentration. 

While 8% SF formed a hydrogel within 45 h, 6%, 4%, and 2% SF 

took approximately 52, 59, and 62 h, respectively. In the case of 

phase-separation with distilled water, although the gelation was 

slowed, this delay was only about 2 h relative to SF solution alone. 

This might be due to a slight dilution effect, as shown in Figure 8. 

However, when 0.5% SS was phase-separated from SF, the 

gelation time was increased to 56 h, 61 h, 64 h, and 68 h for 8%, 

6%, 4%, and 2% SF. These results indicate that phase-separated 

state SS has more of an effect than distilled water on the  
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Figure 10. SF gelation delay with various pH values of sericin solution (0.5%, w/v) 

on top of SF (4%, w/v). (a) Representative optical density changes and (b) gelation 

time of various SF solutions. 
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Figure 11. Effect of SS (0.5%, w/v) on the increase in gelation time at different SF 

concentrations. 
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gelation of SF. Even more interestingly, the delay was more 

significant when the concentration differences between SF and SS 

were greater.  

  

4.1.5. Effect of the phase-separated SS 

concentration on the gelation kinetics of SF 

To determine the effect of the SS concentration in the upper layer 

on the gelation of SF (4.0%, w/v), various SS concentrations (0%, 

0.25%, 0.50%, 1.00%, w/v) were prepared and loaded onto the top 

of the SF solution. The optical density changes in the SF solution 

phase-separated from different concentration of SS are shown in 

Figure 12 (a). The relationships between the gelation time of SF 

and SS concentration at 50 ℃ is shown in Figure 12 (b). The SF 

gelation time increased with increasing SS concentrations. This 

indicates that the SS layer, although phase-separated, has a 

positive effect on slowing the gelation of an SF solution. However, 

these results cannot completely exclude the possibility that SF and 

SS mix when the concentration gradient is not high enough, because 

when SF and SS at the same concentrations are phase separated, 

the phase separation cannot be maintained. Interestingly, when SF 

and SS were mixed as a homogeneous solution, the gelation did not 

occur until 160 h. These results imply that SS can clearly delay the 

gelation time of SF only when they are phase separated.  
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(a) 

 
 

(b) 

 

Figure 12. SF gelation delay with various concentrations of SS on top of SF (4%, 

w/v), (a) representative optical density changes and (b) gelation time of various SF 

solutions. 
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4.1.6. Effect of the macro phase separation condition 

on the β-sheet transition kinetics of SF 

The mechanism of SF gelation is still unclear, but it is recognized 

that the sol-gel transition of SF results from the formation of β-

sheets, which provides physical cross-links [84, 85]. Thioflavin T 

(ThT) is a benzo-thiazole extrinsic fluorescence dye that is widely 

used for the identification and quantification of amyloid β-

fibrillation in real time [86]. It can be selectively associated with 

the β-sheet and the aggregated forms of the protein. Free ThT in 

an aqueous solution shows only weak fluorescence, with lower 

excitation and emission maxima at 350 and 440 nm, respectively. 

However, when ThT is added to samples containing β-sheet-rich 

deposits, it generates strong (red-shifted) fluorescence, with 

excitation and emission maxima at approximately 440 and 490 nm, 

respectively. Recently, a conformational transition in SF has been 

observed using this ThT fluorescence dye system [87-89].  

To study the effect of SS concentration on the gelation behavior 

of SF, β-sheet transition kinetics were investigated by a 

fluorescence kinetics study using ThT dye. First, ThT fluorescence 

intensity of the SF solution was measured and is shown in Figure 

13. While ThT fluorescence was not seen in the water solution, the 

intensity increased with the SF solution. This fluorescence intensity 

indicates that even if the initial conformation of the SF solution is 

mainly random coil, there is some β-sheet content. The intensity  
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Figure 13. Fluorescence emission spectra of ThT in distilled water and in various 

concentrations of SF solution. 
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of fluorescence from 450 nm to 600 nm increased gradually as the 

concentration of the SF solution increased. This trend was due to 

the presence and amount of β-sheet structures in the SF solution. 

Dubey et al. [90] investigated the effect of incubation and metal 

ions on the conformational transition of SF using the ThT assay and 

found that fluorescence intensity increased with incubation time. 

However, this experiment was limited by the low concentration 

(1.0%, w/v) of SF solution used. Therefore, the relationship 

between the β-sheet conformational transition and gelation of SF 

was not explained. In this study, the ThT fluorescence kinetics of 

4% and 8% (w/v) SF solution in the presence of various 

concentrations of SS (0%, 0.25%, 0.50%, and 1.0%, w/v) in the top 

layer were investigated. Figure 14 (a) shows the β-sheet 

transition kinetics of SF solution (4%, w/v) in the presence of 

phase-separated SS at different concentrations. This clearly 

indicates that the gelation of SF occurred with the conformational 

transition to β-sheets. In addition, the transition into a β-sheet 

structure was also retarded if the concentration of the SS layer 

increased.  

Figure 14 (b) shows the same experiment using 8% SF solution. 

Compared to the 4% (w/v) SF, the transition time was less. 

However, the retardation effect of phase-separated SS on the β-

sheet transition was maintained. From the β-sheet transition 

kinetics of SF solution with various concentrations of SS, the delay 

in SS gelation due to postponement of the β-sheet conformational  
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(a) 

 
(b) 

Figure 14. Relative β-sheet transition kinetics of SF based on ThT fluorescence 

intensity. (a) SF 4% (w/v) and (b) SF 8% (w/v).  
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transition of SF can be seen. 

 

4.2. Characterization of an SF hydrogel prepared in 

the presence of phase-separated SS 

4.2.1. Secondary structure of silk gland and fiber 

Prior to investigating the secondary structure of the SF hydrogel 

prepared in a macro phase separation condition, we investigated the 

secondary structure of the middle gland in silkworm and silk fiber. 

FT-IR is a useful method to determine the secondary structure of 

proteins, as the characteristic spectral band of amide I is sensitive 

to the hydrogen-bonding pattern [91-94]. Consequently, the 

deconvolution of the amide I peak into its elementary contributions 

is customarily used for quantitative analysis of the protein 

secondary structure.  

The secondary structure of SF in the middle gland of silkworms 

and in cocoon fiber was measured using ATR-FTIR spectroscopy. 

We examined the absorbance of amide I region, which has a 

wavenumber ranging between 1700 and 1600 cm-1. Amide I results 

from the C=O stretching vibration of the amide group in the protein. 

For more detailed study of the secondary structure of SF, a 

quantitative analysis of the amide I band was performed using the 

Fourier self-deconvolution (FSD) fitting method. Figure 15 shows 

the FT-IR absorbance spectra from the silk gland SF and cocoon  
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Figure 15. FT-IR spectra of the middle part of the silk gland and silk fiber (a) and 

their secondary structure compositions (b).  
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fiber, and the proportions of their secondary structure from the 

deconvoluted results (Figure 16). The silk gland showed a 

maximum amide I peak at 1643 cm-1, which is characteristic of the 

random coil conformation [95]. The FT-IR absorbance spectra of 

the SF fiber exhibits an obvious peak at about 1620 cm-1, 

corresponding to the β-sheet conformation. In the case of the silk 

gland, the proportion of random coils was the highest of all 

secondary structures, which was 42.1%, while silk fiber had the 

highest β-sheet proportion, which was 37.9%. 

 

4.2.2. Secondary and crystalline structure of SF 

before gelation 

There are various dissolution methods to prepare an aqueous SF 

solution. Chen et al. [96] investigated the rheology and secondary 

structure of various regenerated SF and determined that the LiBr-

H2O solvent system was better to study the conformational 

changes of SF than CaCl2-ethanol-water and Ca(NO3)2-

methanol-H2O. LiBr-H2O regenerated SF is predominantly a 

mixture of random coils and turns, which is similar to SF in the silk 

gland. In order to obtain initial structural information about SF 

solutions during the phase-separated experiments, SF solutions 

were collected from the bottom layer after incubation at 50 ℃ for 

1 h. The collected SF solutions were lyophilized and subjected to 

ATR-FTIR and XRD analysis. Figure 17 shows the ATR-FTIR  
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Figure 16. Deconvoluted FT-IR spectra of the middle part of the silk gland (a) and 

silk fiber (b).  
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Figure 17. FT-IR spectra of SF phase separated from SS at different concentrations 

(a) and the SF secondary structure composition (b). 
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   (a) SF                            (b) SF + DW 

 
   (c) SF + SS (0.25)                      (d) SF + SS (0.50) 

 

(e) SF + SS (1.00) 

 

Figure 18. Deconvoluted FT-IR spectra of SF phase separated from SS at different 

concentrations. (a) SF, (b) SF + DW, (c) SF + SS (0.25), (d) SF + SS (0.50), and (e) 

SF + SS (1.00)   
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absorbance spectra and secondary structures from the 

deconvoluted results (Figure 18) of lyophilized SF at the initial 

state of gelation in macro phase separation with various 

concentrations of SS. There was no significant difference between 

the samples, indicating that the SS concentration on the top layer 

did not have any effect on the SF conformation at the initial stage of 

SF gelation. As expected, the secondary structure composition of 

SF also exhibited no significant differences. The calculated 

crystallinity indices of SF solutions were also similar, ranging 

between 20–23% (Figure 19). These results indicate that the SS 

concentration on the top layer did not have any effect on either the 

secondary structure or crystallinity of the bottom SF layer at the 

initial stage of incubation.  

The diffraction technique is the most effective method to clarify 

the crystal structure of SF, especially for Silk I and II. XRD curves 

of the lyophilized SF solutions are shown in Figure 20. All the 

samples showed an amorphous state, without any Silk I and Silk II 

crystalline structures.  

Since the random coil-rich, amorphous regions of SF are water 

soluble and degradable, and thus prone to proteolytic enzymes, PBS 

buffer and α-chymotrypsin from human pancreas was used to 

dissolve and degrade the lyophilized SF. The SF mass following 

incubation for 1 day with PBS and α-chymotrypsin was quantified 

by weighing the SF residues after filtration and drying. More than  
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Figure 19. Effects of the SS concentration on the crystallinity index of the SF 

hydrogel prepared in phase separation conditions (n = 4). 
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Figure 20. XRD patterns of SF phase separated from SS at various concentrations. 
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80% of the SF was dissolved by PBS and most of the SF was 

degraded by α-chymotrypsin (Figure 21). This also confirms that 

SF at the beginning of the incubation had a mainly random coil 

structure.  

 

4.2.3. Secondary and crystalline structure of SF after 

gelation 

In order to characterize the SF hydrogels prepared in the phase 

separation experiment, the SF hydrogels were lyophilized 

immediately after the gelation occurred. The SF gelation was 

considered complete when the maximum optical density of SF 

remained at a plateau for 5 h. Figure 22 (a) shows the ATR-FTIR 

absorbance spectra of the lyophilized SF hydrogels phase separated 

from SS at various concentrations. The peak position and shape of 

the spectra were similar between the neat SF hydrogel and the SF 

hydrogel prepared by phase separation with distilled water and 

0.25% SS solution. The gelation time of these SF hydrogels did not 

show a significant difference. However, the SF hydrogel prepared 

by phase separation with 0.5% SS showed a broad absorbance 

spectra, ranging from 1620 cm-1 to 1650 cm-1, and higher content 

of random coils and turn structures than β-sheets. The 

deconvoluted results of the FT-IR spectra (Figure 23) revealed 

that the SF hydrogel prepared by phase separation with 1.0% SS 

had more random coi ls and turn structures, with a low  
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Figure 21. Dissolution and enzymatic degradation properties of SF phase separated 

from SS at various concentrations. 
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Figure 22. FT-IR spectra of SF phase separated from SS at various concentration 

(a) and SF secondary structure composition (b).  
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   (a) SF                            (b) SF + DW 

 
   (c) SF + SS (0.25)                      (d) SF + SS (0.50) 

 
(e) SF + SS (1.00) 

 

Figure 23. Deconvoluted FT-IR spectra of SF phase separated from SS at different 

concentrations. . (a) SF, (b) SF + DW, (c) SF + SS (0.25), (d) SF + SS (0.50), and 

(e) SF + SS (1.00) 
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content of aggregated strands and α-helix structures (Figure 22 

(b)). The crystallinity index also varied with the concentration of 

SS; the crystallinity index of the SF hydrogel without phase 

separation was 61.7%, while that of the SF hydrogels prepared by 

phase separation with distilled water and 0.25% SS were 62.2% and 

60.2%, respectively. The crystallinity indices decreased 

significantly to 49.4% and 40.1% as the SS concentration increased 

to 0.5% and 1.0% (Figure 24).  

As mentioned before, the formation of SF hydrogels is generally 

understood to result from the development of β-sheets in the SF 

solution. However, the β-sheet content of SF hydrogels decreased 

as the concentration of the overlying SS increased. In addition, 

random coils and turn structures developed at the expense of β-

sheets, α-helices, and aggregated strand structures at high SS 

concentration. Despite the unusual secondary structure 

composition, SF was still in a gel state. In order to further elucidate 

the structure of SF hydrogel, XRD analysis was performed.  

XRD patterns of different SF hydrogels obtained from the phase 

separation experiments are shown in Figure 25. Based on previous 

studies, the typical Silk I peaks in XRD diffraction were expected to 

appear at 11.7°, 19.5°, 24.6°, and 28.7°, while the Silk II peaks 

were expected to appear at 9.2°, 18.9°, and 20.7° [97-99]. SF 

hydrogels without phase separation and SF hydrogel prepared by 

phase separation with distilled water and 0.25% SS solution were 

characterized by diffraction peaks at 2θ values of 9.2° and  
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Figure 24. Effects of the SS concentration on the crystallinity index of the SF 

hydrogel prepared in phase separation conditions (n = 4). 
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Figure 25. XRD patterns of SF phase separated from SS at various concentrations.  
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18.9°, indicating the formation of Silk II crystal structures. These 

peaks were almost the same as those of the β-sheet crystal 

structure of SF. This coincided with previous SF hydrogel results. 

However, in the case of the SF hydrogels prepared by phase 

separation with 0.5% and 1.0% SS, the diffraction peaks at 2θ 

values of 11.7°, 19.5°, 24.6°, and 28.7° were observed, 

indicating the typical Silk I structure in the SF hydrogels. Now, it 

was clear why the FT-IR results showed the unusual secondary 

structure composition of the SF hydrogels. According to previous 

studies, the Silk I structure is hard to detect with FT-IR. Mostly, it 

accompanies the increase in random coils and β-turn structures 

[100]. 

The Silk I structure is the typical structure of SF in the silk gland. 

The structural transformation from Silk I within the lumen of the 

gland to the oriented and water insoluble Silk II structure in the 

spun fiber is a well-recognized structural transition in SF. The 

reason that the highly concentrated SF solution is stable in the silk 

gland has been attributed to the silk I structure. The current results 

indicate that the Silk I structure can be developed in the presence 

of SS, even though they are phase separated. In other words, SS 

induces the Silk I structure in the middle gland. This is interesting 

behavior, because it is difficult to obtain the Silk I structure because 

of its metastability.  

The compressive strength and modulus of SF hydrogels prepared 

in phase separation with different concentrations of SS are shown in 
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Figure 26. At the same SF concentrations, the mechanical 

properties of the SF hydrogel decreased with increasing 

concentrations of SS in the top layer. This also coincides with the 

secondary structure composition analysis by FT-IR. The increase 

in random coil structures might be responsible for the weak 

hydrogel strength. The degradation behavior of SF hydrogels was 

also significantly different from the initial state. The remaining 

mass of the lyophilized SF hydrogels in the PBS and α -

chymotrypsin are shown in Figure 27. All SF hydrogels exhibiting 

either Silk I or Silk II structures were insoluble. However, the 

enzymatic degradation of SF hydrogels could be affected by the 

crystalline structure of SF hydrogels. It has been reported that α-

chymotrypsin cannot degrade the Silk II crystalline region of SF 

[101], and thus, the degradation of SF hydrogel will be promoted 

only in the SF hydrogel having Silk I structure. In the case of pure 

SF hydrogels, an SF hydrogel prepared with phase separation with 

distilled water and 0.25% SS solution had greater stability against 

enzymatic degradation, indicating Silk II structure formation. On the 

other hand, SF hydrogels prepared with phase separated 0.50% and 

1.0% SS were degraded with enzyme, indicating the existence of 

Silk I structures. This result supports the XRD data of SF hydrogels 

prepared with the phase-separated system.  
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(a) 

 
 

(b) 

Figure 26. Mechanical properties of the SF hydrogel phase separated from SS at 

various concentrations. Compressive strength (a) and compressive modulus (b).  
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Figure 27. Dissolution and enzymatic degradation of SF phase separated with SS. 
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4.2.4. Secondary and crystalline structure of SF after 

aging 

We obtained SF hydrogels that had the Silk I structure in macro 

phase separation conditions with aqueous SS solution. In the 

silkworm spinning process, Silk I structures are converted into Silk 

II structures. We further incubated the SF hydrogel prepared in 

phase separation with SS solutions for another 2 days with removal 

of upper SS layer and the resultant SF hydrogel was lyophilized. 

Figure 28 shows the FT-IR absorbance spectra and proportions of 

secondary structures in incubated SF hydrogels from deconvoluted 

results (Figure 29). These SF hydrogels all showed the β-sheet 

structure as the predominant secondary structure. The calculated 

crystallinity index of these SF hydrogels had similar values (Figure 

30). Figure 31 shows the XRD diffraction of the incubated SF 

hydrogels. All SF hydrogels had similar β-sheet conformations 

with dominant Silk II crystalline structures, regardless of the 

preparation method. This indicates that further incubation of SF 

hydrogels allows Silk II structures to form.  

 

4.2.5. Interaction between SF and SS in a phase-

separated state 

It can be concluded that SS in a macro phase separated state can 

stabilize the SF solution by preventing premature β-sheet 
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Figure 28. FT-IR spectra of SF phase separated from SS at various concentrations 

(a) and the SF secondary structure composition (b).  
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   (a) SF                            (b) SF + DW 

 
   (c) SF + SS (0.25)                      (d) SF + SS (0.50) 

 
(e) SF + SS (1.00) 

 

Figure 29. Deconvoluted FT-IR spectra of SF phase separated from SS at various 

concentrations. (a) SF, (b) SF + DW, (c) SF + SS (0.25), (d) SF + SS (0.50), and 

(e) SF + SS (1.00) 
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Figure 30. Effects of the SS concentration on the crystallinity index of an SF 

hydrogel prepared in phase separation conditions (n = 4). 

 

SF
SF + DW

SF + SS (0.25)

SF + SS (0.50)

SF + SS (1.00)
0

10

20

30

40

50

60

70
Cr

ys
ta

llin
ity

 in
de

x 
(%

)

Sample

 77 



 

10 20 30 40

Diffraction angle (2θ)

 SF
In

te
ns

ity
 SF + DW
 SF + SS (0.25)
 SF + SS (0.50)
 SF + SS (1.00)

 

Figure 31. XRD patterns of SF phase separated SS at various concentrations. 
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formation over a certain SS concentration. This was observed by a 

delay in gelation, and by Silk I structure formation. So far, the role 

of SS during the process of silk spinning has not clear. Until now, 

its role was underestimated as simply working as lubricant. 

However, the current results indicate that SS can prevent 

premature crystallization and can induce Silk I structures in SF.  

The concentration of SF in this study was far lower than the real 

concentration of SF in the silk gland. This was due to a sample 

preparation limitation. In the silk gland, the concentrations of SF and 

SS are approximately 24.3% (w/w) and 3.68% (w/w), respectively 

(Figure 32). However, greater than 1% SS solutions could not be 

prepared because of the gelation of SS during the dialysis. 

Therefore, the concentration of SF was set at a maximum of 8%, 

based on the concentration ratio between SF and SS in the silk 

gland. Although this experiment condition was different from the 

real situation in the silk gland, it should be noted that this is the first 

study to show the novel role of SS in the silk gland. The results 

clearly show that the presence of SS affects the structural 

transition of SF, even though it is phase separated. Moreover, SS 

induces a Silk I hydrogel from SF that resembles the crystal 

structure of SF in the middle silk gland. 

The results clearly show that the presence of an SS layer induces 

the Silk I structure of SF hydrogels. We can deduce an interaction 

between SS and SF at the interface. Unfortunately, due to limited 

analysis techniques, it is difficult to identify the SS and SF 
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interaction at the interface. However, there are several reports that 

suggest some interaction between SS and SF. Lee [11] has 

reported retardation of SF crystallization in the presence of SS in 

films. Ki et al. [65] reported the effect of SS on the secondary 

structure of SF during wet spinning, and Hang et al. [67] suggested 

some interaction between SS and SF during co-axial 

electrospinning. These findings indicate that SS can affect the 

structural transition of SF at the interface. Based on current and 

former results, the following mechanism is suggested for the 

development of Silk I structures from SF in the presence of SS. It 

has been reported that the gelation of SF results from the 

conformational transition from random coil to β-sheet structures 

[102]. During this process, the hydrophobic part of SF, which 

consists of repeated sequences, will start to agglomerate in order to 

avoid an unfavorable aqueous environment. The process will 

continue until they find the most thermodynamically stable state by 

self-assembling into a β-sheet structure, which will act as a 

physical cross-linker in the SF hydrogel. However, the interaction 

between SF and SS at the interface may affect the self-assembly of 

SF. THt fluorescence developed only when beta-amyloid 

structures were formed. This suggests that SF at low concentration 

has alternating stacking of hydrophobic and repeated sequences, 

which resemble a β-amyloid structure. If one of the β-strands of 

SF interacts with another sequence of SS, which is also capable for 

β-strand formation, the whole SF structure could be affected. This 

type of intervention by structure can be observed in other self-
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assembling peptides. The Stupp group has studied the self-

assembly of peptide-amphiphiles and found that the β-sheet-

stabilized self-assembly could only be found when the sequence 

was maintained [103]. Therefore, a slight disruption in the 

hydrogen-bonding pattern caused by SS may alter the structure of 

SF. Here, the alteration in SF structure resulted from the formation 

of Silk I instead of Silk II. The Silk I structure of SF was converted 

into a Silk II structure when the upper SS layer was removed. This 

also strongly supports the possibility of interaction between SF and 

SS. Since the SS was removed, there was no molecule to interfere 

with the self-assembly of SF. The proposed overall mechanism is 

presented in Figure 32. 

 

4.3. Effect of metal ion in the phase separated SF and 

SS 

4.3.1. Concentration of SF and SS in the middle 

division of silk gland 

From the literature survey, it is clear that differences in the metal 

ion concentration in the silk gland significantly affect the 

conformational states of SF. However, the changes in metal 

concentration in SF cannot be explained without the outer SS layer. 

Since SF is surrounded by the SS layer, any metal ions must pass 

through the SS layer. To date, there have been no studies on  
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Figure 32. Schematic of the effect of phase separated SS on the conformational 

transition of SF.  
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differences in the metal concentration in SF solution in the presence 

of an SS layer. We checked the metal concentration changes before 

and after spinning. To determine the metal ion concentration to the 

total amount of silk protein in the silk gland, SF and SS metal 

concentrations were investigated. Figure 33 shows the composition 

of three parts of the middle division of the silkworm gland. From the 

posterior part of the middle gland to the anterior part of the middle 

gland, the concentrations of both SF and SS increased. The total 

silk protein concentration increased from 19.62% (w/w) in the 

posterior part of the middle gland to 29.4% in the anterior part of 

the middle gland. The concentration of SS increased gradually from 

2.37% in the posterior part of the middle gland to 5.60% in the 

anterior part of the middle gland. This increase in SS concentration 

might be due to the secretion of s-1 or s-2 protein, which are 

synthesized and secreted in the middle and anterior parts of the 

middle gland, respectively [32]. 

4.3.2. Metal content in the Bombyx mori silk gland 

and silk fibers 

Metal ions have an important role in the structural transition 

behavior of SF. Depending on the type of metal ion, SF can bind 

with these ions, and this often induces a conformational transition in 

SF from a random coil to a β-sheet structure. First, the metal 

concentrations in the silk gland and the fiber were investigated to 

show the overall changes in metal ion concentration during the  
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Figure 33. Composition of the middle division of the silk gland in silkworms.  
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spinning process. 

To determine tiny amounts of metal species, an ion coupled 

plasma atomic emission spectrometer (ICP-AES), ICP mass 

spectrometer, and particle induced X-ray emission (PIXE) are 

frequently adopted. Among these instruments, ICP-AES was 

chosen for this study because it can analyze not only the 

transitional metal but also the alkaline and alkaline earth metals. In 

addition, due to the light atomic mass of Li and Na, detection of 

these metal species is difficult in both ICP-MS and PIXE analyses. 

For this reason, the metal element contents in the silk gland and 

fibers were investigated using ICP-AES.  

Table 1 shows the concentration of metal ions in the silk gland 

and the fiber. K+ and Ca2+ were the most abundant metal species in 

both the gland and fiber. Metal element contents in the silk gland 

were higher than that in the silk fiber, except for Cu2+ ions. These 

metal concentrations corroborate previous results [68]. These 

results were used as a reference in the following sections. 

 

4.3.3. Metal ion diffusion behavior and its effect on 

SF gelation 

If there is any change in metal concentration in the silk gland, the 

metal should be taken up or removed by the cells of the silk gland 

by either active or passive routes. However, the cells are not  
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Table.1 Comparison of metal element concentration (μg/g) in silk gland and 

Bombyx mori silk fiber. 

 

  

Metal species Silk gland Silk fiber 

Na+ 170.48 ±  3.45 106.96 ±  6.76 

K+ 3807.63 ± 70.48 2795.73 ± 50.42 

Li+ 4.73 ±  1.48 3.18 ±  1.54 

Ca2+ 2704.70 ± 37.49 1724.08 ± 70.34 

Cu2+ 147.68 ± 14.77 228.01 ± 10.64 
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indirect contact with SF. Any metal ion that is supplied or removed 

must pass through the SS layer. If the metal ion increases, it was 

secreted from the silk gland cells and passed through the SS layer 

to reach SF. Once the metal ion is released from the cell, it will 

diffuse along a concentration gradient. However, if the metal ion has 

a higher affinity for SS rather than SF, the metal will not diffuse 

properly and much higher amount of the metal ion will need to be 

released to promote the diffusion. Currently it is not certain 

whether the cells of the silk gland have such functionality and this is 

out of the scope of the current thesis. However, the binding affinity 

of specific metals for SF and SS can be investigated. In this study, 

the binding affinity of each metal ion (Li+, Na+, K+, Ca2+, and Cu2+) 

with SF in the presence of SS layer was determined. For this, two 

different experimental designs were adopted. First, the diffusion of 

metal ions between distilled water and SF were investigated. Here, 

distilled water was carefully loaded onto the SF solution in order 

not to disturb the interface. Second, the diffusion of metal ions 

between SS and SF in a phase-separated system was tested, 

without using any barrier materials between the two protein 

solution layers. In each experiments, 4000 μg of metal ion was 

added only in one phase and the amount of metal ion that diffused 

was observed. The amount of each metal ion was fixed at 4000 µg, 

because concentrations above this amount induced the gelation of 

both SF and SS. The purpose of this study was to investigation the 

metal ion diffusion behavior between SF and SS in a liquid state. 

Therefore, the amount of each metal ion was fixed to 4000 μg to 
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prevent the gelation of each silk protein solution. 

To determine the effect of the ion diffusion behavior between SF 

and SS on the gelation behavior of SF, various concentrations of 

metal ions (0, 1, 10, and 100 mM) were added into the SF or SS 

layer and the gelation kinetics of SF were investigated. In the case 

of the gelation experiment, for comparisons with other studies that 

measured the gelation of protein solutions with various metal ions, 

various concentrations of metal ions (0, 1, 10, and 100 mM) were 

added into the SF or SS layer.  

 

4.3.3.1. Effect of Na+ 

The alkali metals, represented by Na+ and K+,, influenced the 

conformational transition of SF. Ruan et al. [104] investigated the 

effect of Na+ ions on the conformational composition of SF. At low 

concentration of Na+ (below 11.2 mg/g), there was no change in the 

conformational transition, but at concentrations above this, the 

amount of Silk II conformation increased. The concentration range 

that affected the conformational transition of SF was 11.8 to 37.5 

mg/g. However, Na+ ions in the middle silk gland and silk fiber 

existed only at 170 and 106 μg/g (Table 1), which is far less than 

our experimental result. Previous research did not determine the 

real effect of Na+ on the SF conformational transition. In this study, 

I first examined the Na+ diffusion behavior between the distilled 

water and SF. Figure 34 shows the amount of Na+ ion that diffused 
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into the distilled water and blank SF solution from Na+ containing 

SF solution and Na+ containing distilled water, respectively. Since 

the amount of metal ion was fixed at 4000 μg, if the amount of ion 

reached to 2000 μg, it meant the system has reached to its 

equilibrium without any effect on SF or SS. In Figure 34 (a), the 

amount of Na+ that diffused from the SF into the distilled water was 

only 515 μg (12.8% of the total Na+). On the other hand, 1690 μg 

of Na+ (42.25% of the total Na+) diffused from the distilled water 

into SF solution (Figure 34 (b)). This indicates that the diffusion of 

Na+ from SF to distilled water did not follow the concentration 

gradient, while in the opposite direction it reached equilibrium. SF 

molecules might have a binding affinity with Na+ ions that limited 

the diffusion. Figure 35 shows the amount of Na+ ion that diffused 

when the SF and SS layers were phase separated. From SF to SS, 

1742 μg (43.5% of the total) of Na+ ion diffused and only 682 μg 

diffused in the opposite direction. The inflow of Na+ ions into SS 

was feasible, while the outflow of this ion from SS was suppressed. 

This result indicates that that SS layer acts as a barrier for Na+ 

diffusion.  

To investigate the effect of Na+ concentration and diffusion 

behavior on the gelation kinetics of SF, the gelation behavior of SF 

was observed by a change in the optical density of the SF solution. 

Figure 36 shows the relative gelation kinetics and gelation time of 

SF containing various amounts of Na+ ions in the absence or  
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(a) 

 
 

(b) 

 

Figure 34. Amount of Na+ that diffused into distilled water (a) and blank SF 

solution (b) from an Na+-containing SF solution and Na+-containing distilled water, 

respectively. 
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Figure 35. Amount of Na+ that diffused into the SS solution (a) and blank SF 

solution (b) from an Na+-containing SF solution and Na+-containing SS solution, 

respectively. 
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Figure 36. Relative gelation kinetics and gelation time of SF with various amounts 

of Na+ ions in the presence or absence of phase-separated SS. 
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presence of phase-separated SS. A 1 mM concentration of Na+ was 

found to have no significant effect on the gelation behavior of SF. 

The gelation time of SF without Na+ and with 1 mM Na+ was 13.6 

and 14.5 h, respectively. However, when SS were presented, the 

same SF solution containing 1 mM Na+ showed a delay in gelation 

by 19.33 h. This indicates that the gelation of SF was delayed in the 

presence of a phase-separated SS solution. The same tendency 

was observed when 10 mM Na+ was added to the SF solution. An 

increase in Na+ in the SF solution increased the gelation time up to 

29.82 h, and it was even more increased (to 43.5 h) in the presence 

of a separated SS layer. However, when 100 mM Na+ was added, 

the effect of the phase-separated SS layer was less significant. 

Without the SS layer on the top, the gelation time was 88.83 h, 

while it decreased to 66.16 h in the presence of the SS layer. The 

proportional increase in the gelation time of the SF solution with the 

increase in Na+ concentration can be explained by the salting-in 

effect. As the amount of Na+ increases, the protein-protein 

interactions will be reduced, which results in delayed self-

assembly of SF molecules. In the presence of the SS layer, the Na+ 

will diffuse from SF into SS and, thereby, the real concentration of 

Na+ in the SF solution will be decreased. This will shorten the 

gelation time but the presence of the SS layer increased the 

gelation time even more. This indicates that the delay in SF gelation 

is much more affected by the presence of SS than the Na+ 

concentration. However, when the Na+ concentration was greater 

such as 100 mM, the SF gelation time in the presence of the SS 
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layer decreased. In this case, the effect of the Na+ surpassed the 

effect of the SS layer.  

Figure 37 shows the SF gelation kinetics and gelation time of the 

SF solution when Na+ was added only in the upper SS layer. Since 

SS inhibits the diffusion of Na+ into SF, there was a limited effect 

on the SF gelation time by Na+ when the Na+ concentration was 

less than 10 mM. However, when the Na+ concentration reached 

100 mM in the SS layer, Na+ diffused into SF and delayed its 

gelation.  

It can be concluded that the gelation time of SF can be increased 

in the presence of Na+ and an SS layer, and that this increase is Na+ 

concentration dependent. When the Na+ concentration is low, the SS 

layer has a more significant effect, but when the Na+ concentration 

is higher than some critical level, it is the dominant factor in the 

delay of SF gelation.  

 

4.3.3.2. Effect of K+ 

K+ ions were the most abundant metal ions in both of the silk 

fibers and the middle part of the silk gland (Table 1). K+ ions in the 

middle silk gland and silk fibers existed in concentrations of 3807 

and 2795 μg/g, respectively. Figure 38 (a) and (b) show the 

amount of K+ diffusion into distilled water and blank SF solution 

from a K+-containing SF solution and K+-containing distilled water,  
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Figure 37. Relative gelation kinetics and gelation time of SF in the presence of 

phase-separated SS with various amounts of Na+ ions. 
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respectively. The amount of K+ that diffused from SF into distilled 

water was only 669 μg (16.7% of the total K+), whereas the 

amount that diffused from distilled water into SF was 1867 μg 

(46.7% of the total K+). Similar to Na+, this also indicates that K+ 

might have a binding affinity with SF molecules. Figure 39 shows 

the result of the experiment of phase-separated SF and SS. Here, 

SF had a higher binding affinity with K+ ions, with only 630 μg of 

K+ diffusing into the SS layer, while 1839 μg of K+ entered the SF 

layers. From both ion diffusion experiments, it can be concluded 

that SF has a higher affinity for K+ than SS.  

The gelation kinetics and gelation time of SF containing various 

concentrations of K+ ions in the absence or presence of phase-

separated SS solutions are shown in Figure 40. The SF gelation 

time increased as the concentration of K+ increased. The SF 

gelation time without K+ ions was 12.6 h, while the SF gelation time 

increase to 15.3 h, 25.3 h, 111.3 h as the K+ concentrations in the 

SF solution increased to 1 mM, 10 mM, and 100 mM, respectively. 

Unlike Na+, the presence of the SS layer was not significant, only 

slightly increasing the gelation time from 15.3 h to 17.3 h when 1 

mM K+ was present in the SF solution. It is clear that K+ increased 

the gelation time as its concentration increased. Although the 

diffusion of K+ from SF is less significant than of Na+, the real 

concentration in the SF layer would be less than the initial 

concentration in the presence of the SS layer. This would cause 

acceleration in the gelation time; however, the gelation time only  
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Figure 38. Amount of K+ that diffused into distilled water (a) and blank SF solution 

(b) from a K+-containing SF solution and K+-containing distilled water, 

respectively. 
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Figure 39. Amount of K+ that diffused into SS solution (a) and blank SF solution 

(b) from a K+-containing SF solution and K+ containing SS solution, respectively. 
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Figure 40. Relative gelation kinetics and gelation time of SF with various amounts 

of K+ ions in the presence or absence of phase-separated SS. 
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slightly increased in the presence of the SS layer. This revealed 

that the presence of the SS layer increased the SF gelation time. 

The decreased gelation time at a 100 mM K+ concentration can be 

explained by a high salting-in effect as in the case of Na+. The 

effect of K+ was more significant than the presence of the SS layer.  

In the case of K+ diffusion from SS to SF (Figure 41), the gelation 

time with K+ ions increased as the K+ concentration in the SS 

solution increased, except with 1 mM K+ in the SS layer. In the 

case of 1 mM K+ in the SS layer, there was no delaying effect 

compared to SS solution without K+ ions. This can be explained by 

the real concentration of K+ in SF. Even though a significant amount 

of K+ diffuses into SF from SS (Figure 39, (b)), the real 

concentration of K+ was not higher than the initial concentration of 

the SS layer. Therefore, the real concentration of K+ in the SF 

solution was less than 1 mM, resulting in limited effects on the 

gelation delay. 

Ruan et al. suggested that the K+ ions can induce SF β-sheet 

formation, depending on its concentration [105]. The tyrosyl group 

of SF palindrome sequences such as VGYG and GYGV can be 

exposed to either hydrophilic or hydrophobic environments, 

depending on the concentration of K+. At a low K+ concentration, 

this sequence is exposed to a hydrophobic environment where α-

helices are favored. With an increase in K+ concentration, the 

sequence will be exposed to a hydrophilic environment, where 

hydrogen-bonding interactions with the phenolic hydroxyl group 

are possible. In this state, these sequences are available for 
 100 
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Figure 41. Relative gelation kinetics and gelation time of SF in the presence of 

phase-separated SS with various amounts of K+ ions. 
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hydrogen bonding as a proton acceptor and can lead to β-sheet 

formation. However, further increases in K+ will lead to a 

chaotropic effect, in which β-sheet formation is not favored. The 

K+ concentrations that favored β-sheet formation were up to 3700 

μg/g from the Ruan’s study. However, in the current study, the 

concentration of K+ was 977 μg/g which corresponding to the case 

of 1 mM K+. Therefore, when the K+ concentration was 1 mM, it 

was too low to induce β-sheet formation. At 10 mM K+, it was too 

high for β-sheet formation. Therefore, no gelation acceleration 

effect could be found in this study.  

 

4.3.3.3. Effect of Li+ 

Li+ is the lightest metal and the least dense element. Lithium salt 

has been used widely in the silk protein dissolving process. Since a 

LiBr/water solvent system was introduced by Weimarn, most 

researchers have regenerated aqueous silk solutions using this 

system [106]. It was interesting that, in addition to Na+ and K+ 

discussed above, trace amounts of Li+ were also detected in the silk 

gland and fibers (Table 1). Figure 42 shows the amount of Li+ ions 

that diffused into distilled water and blank SF solution from an Li+-

containing SF solution and Li+-containing distilled water. It was 

found that 525 μg (13.1% of the total amount of Li+ ions) and 1611 

μg (40.3% of the total amount of Li+ ions) diffused into distilled 

water and SF solution from SF and distilled water, respectively,  
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(b) 

Figure 42. Amount of Li+ that diffused into distilled water (a) and blank SF 

solution (b) from an Li+-containing SF solution and Li+-containing distilled water, 

respectively.  
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indicating binding of Li+ with SF molecules, similar to Na+ and K+. 

In the macro phase-separated condition, the amount of diffused Li+ 

ions was higher in the case of diffusion from the SS to SF solution 

(Figure 43). The amount of diffused Li+ was less than that in the K+ 

ion experiment, which means that the binding affinity of SF with Li+ 

was less than that with K+.  

The gelation kinetics and gelation time of SF containing various 

amounts of Li+ ion with or without phase-separated SS solution is 

shown in Figure 44. The gelation time of the SF solution increased 

as the concentration of Li+ increased. In the case of 1 and 10 mM 

Li+-containing SF solutions, significant gelation retardation was 

observed when the phase-separated SS solution was on top of the 

SF solution. This could be explained by a synergy stabilization 

effect of Li+ ions and SS solution. This synergy effect was 

eliminated in the case of 100 mM Li+ ions, because the Li+ salting-

in was affected more by the presence of the SS layer.  

The gelation time of the SF solution in the presence of a phase-

separated SS layer containing various amounts of Li+ are shown in 

Figure 45. While the gelation time of SF and SF with a 1 and 10 mM 

Li+-containing SS solution showed similar gelation times (41.72 h, 

43.14 h, and 43.76 h, respectively), a 100 mM Li+-containing SS 

solution slowed the gelation of SF significantly due to the salting-in 

effect.   
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(b) 

Figure 43. Amount of Li+ that diffused into the SS solution (a) and blank SF 

solution (b) from an Li+-containing SF solution and Li+ containing SS solution, 

respectively. 
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Figure 44. Relative gelation kinetics and gelation time of SF with various amounts 

of Li+ ions in the presence or absence of phase-separated SS. 
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Figure 45. Relative gelation kinetics and gelation time of SF in the presence of 

phase-separated SS with various amounts of Li+ ions.  
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4.3.3.4. Effect of Ca2+ 

Alkaline earth metals are also known to affect the structural 

transition of many proteins. Since the alkaline earth metals are 

divalent ions, their interaction with proteins differs from those of 

alkaline monovalent metal ions. Ca2+ is the second most abundant 

metal ion species in silk glands (2704 μg/g) and fiber (1724 

μg/g) (Table 1.). The interaction between SF and Ca2+ ions has 

been studied by many researchers. Zhou et al. investigated the 

influence of Ca2+ ions and pH on the conformational transition of SF 

using Raman spectroscopy and 13C cross polarization magic angle 

spinning (CP/MAS) solid state NMR. [107]. At low pH and with a 

certain amount of Ca2+ ions, the formation of β-sheet structures 

was induced. Higher amount of calcium ions prevented the 

formation of β-sheet structures because of strong electrostatic 

interaction between molecular chains.  

Figure 46 shows amount of Ca2+ ion that diffused into distilled 

water and blank SF solution from a Ca2+-containing SF solution and 

Ca2+-containing distilled water. The amount of Ca2+ that diffused 

from SF to distilled water was only 332 μg (8.3% of the total 

Ca2+), while 1652 μg of Ca2+ (41.3% of the total Ca2+) diffused 

into SF solution from the distilled water. In a macro phase 

separation between SF and SS, more Ca2+ diffused from SS to SF 

than in the opposite direction (Figure 47). Similar to K+ and Li+, SF 

has a higher affinity with Ca2+ than SS. Yang et al. investigated the 

binding ability of SS by monitoring the formation of turbid calcium 
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Figure 46. Amount of Ca2+ that diffused into distilled water (a) and blank SF 

solution (b) from a Ca2+-containing SF solution and Ca2+ containing distilled water, 

respectively. 
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Figure 47. Amount of Ca2+ that diffused into SS solution (a) and blank SF solution 

(b) from a Ca2+-containing SF solution and a Ca2+-containing SS solution, 

respectively. 
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carbonate precipitates [78]. We tested the calcium binding ability of 

SF and SS using this method. Figure 48 shows the calcium binding 

ability of 0.5% and 1.0% (w/v) SF and SS solutions, respectively. 

The rate of calcium carbonate formation was slower in the case of 

the SF than the SS solution, indicating that the calcium binding 

affinity of SF was much stronger. This Ca2+ binding ability supports 

the Ca2+ ion diffusion behavior between SF and SS. Figure 49 

shows the relative gelation kinetics and gelation time of the SF 

solution containing various amounts of Ca2+ ions in the presence of 

a phase-separated SS solution. The gelation time of the SF solution 

increased as the amount of Ca2+ increased. Interestingly, the 100 

mM Ca2+ ion-containing SF solution did not undergo gelation even 

after 200 h. During the sol-gel transition of SF, the interaction of 

Ca2+ with SF residues hindered the conformational transition of SF 

into β-sheet structures [90]. SF formed predominantly β-sheet 

structures at the end, but, due to the interactions with Ca2+, the 

helical intermediates remained intact even in the final conformation. 

The incomplete gelation of 100 mM Ca2+ ions might be a results of 

the helical intermediates. Moreover, among the five metal species 

that were investigated in this study, Ca2+ had the strongest gelation 

delaying effect at a 1 mM metal ion concentration. A 1 mM 

concentration of Ca2+ (converted to 1001 μg of Ca2+ in grams of 

SF) was half the amount of Ca2+ ions in the silk gland. This 

indicates that even small amounts of Ca2+ were sufficient for the 

stabilization of SF molecules; therefore, gelation of SF was delayed. 

When Ca2+ was only in the SS layer, Ca2+ ions also retarded the  
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Figure 48. The Ca2+ binding ability of SF and SS described by the absorbance of 

the mixture at 570 nm. Distilled water was used as a control. 
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Figure 49. Relative gelation kinetics and gelation time of SF with various amounts 

of Ca2+ ions in the presence or absence of phase-separated SS. 
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Figure 50. Relative gelation kinetics and gelation time of SF in the presence of 

phase-separated SS with various amounts of Ca2+ ions.   
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gelation of SF solution (Figure 50).  
 

4.3.3.4. Effect of Cu2+ 

Cu2+ is the most common transition metal ion, and it has been 

shown to affect the conformational transition of fibrous protein such 

as scrapie prion (PrPsc) and the aggregation of amyloid-β 

peptides [108-111]. Cu2+ ions have been reported to induce SF 

β-sheets by forming coordination complexes with histidine 

residues. Zong et al. [112] investigated the effect of Cu2+ ions on 

the secondary structure of Bombyx mori regenerated SF in dilute 

solution by CD and found that a small amount of Cu2+ induced the 

conformational transition from random coils to β-sheets. This 

powerful effect may have resulted from the strong coordination 

ability of Cu2+, which can be observed with other protein materials. 

Cu2+ coordinated the regenerated SF differently depending on pH 

and concentration of Cu2+. As the pH decreased in the regenerated 

SF solution, Cu(II) coordination atoms in SF could change from four 

nitrogens (Cu-4N) to two nitrogens and two oxygens (Cu-2N2O) 

as well as to one nitrogen and three oxygens (Cu-1N3O). At 

neutral and basic pH values, the hydrophilic domain peptide 

sequence AHGGYSGY in SF may form a 1:1 complex with Cu(II) by 

coordination via the imidazole Nπ atom of His, together with two 

deprotonated main-chain amide nitrogens in the two glycine 

peptides and one oxygen from the hydroxyl group of serine or from 

water. However, under weakly acidic conditions (pH 5.2–4.0), the 
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Cu(II)-amide linkages may be broken due to the protonation of 

amide nitrogen. The Cu2+ binding site of His changes from Nπ to 

Nτ to share a Cu(II) ion between two His residues in peptide 

chains. This intermolecular His(Nτ)-Cu(II)-His(Nτ) bridge may 

induce β-sheet formation and gelation. 

Silk gland and fibers had trace amounts of Cu2+ ions (Table 1). 

The middle part of the silk gland had 147.7 μg and the silk cocoon 

fibers had 228.0 μg of Cu2+ ions. Figure 51 shows the Cu2+ ion 

diffusion into distilled water and blank SF solution from a Cu2+-

containing SF solution and Cu2+-containing distilled water, 

respectively. Cu2+ did not diffuse into the distilled water from the 

SF solution, whereas only 114 μg of Cu2+ (8.3% of the total Cu2+) 

diffused into the distilled water. In the opposite case, 2027 μg of 

Cu2+ (50.7% of the total Cu2+) diffused into the SF solution. This 

ion diffusion trend continued in the macro phase separation with SS, 

where only 228 μg of Cu2+ (5.7% of the total Cu2+) diffused from 

SF to SS, while 2366 μg of Cu2+ (59.2% of the total Cu2+) diffused 

from SS to SF (Figure 52). These experimental results strongly 

suggest that SF has a higher binding affinity with Cu2+ than does 

SS. To investigate the relative Cu2+ binding affinity of SF and SS, a 

Cu2+ adsorption experiment using SF and SS beads was carried out. 

Figure 53 shows the Cu2+ adsorption capacity of SF and SS bead 

types. This clearly shows that SF has a higher adsorption capacity 

against Cu2+ than SS.  

The gelation time of the SF solution containing various amounts of  
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Figure 51. Amount of Cu2+ that diffused into distilled water (a) and blank SF 

solution (b) from a Cu2+-containing SF solution and Cu2+-containing distilled water, 

respectively.  

0 5 10 15 20 25
0

500

1000

1500

2000

Di
ffu

se
 a

m
ou

nt
 o

f C
u2+

 io
ns

 (m
g)

Time (hrs)

0 5 10 15 20 25
0

500

1000

1500

2000

2500

Di
ffu

se
 a

m
ou

nt
 o

f C
u2+

 io
ns

 (m
g)

Time (hrs)

 117 



 

 
 

(a) 
 

 
 

(b) 
 

Figure 52. Amount of Cu2+ that diffused into SS solution (a) and blank SF solution 

(b) from a Cu2+-containing SF solution and Cu2+-containing SS solution, 

respectively. 
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Figure 53. Cu2+ adsorption capacity of SF and SS beads. Adsorption experiment 

carried out in a 100 ppm Cu2+ solution with the dose of beads fixed at 1g/L.  
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Cu2+ ions in the presence or absence of phase-separated SS 

solution are shown in Figure 54. Interestingly, unlike the other ions, 

which delayed the gelation of SF, Cu2+ ions accelerated the gelation 

of SF. The gelation time of SF solution decreased as the 

concentration of Cu2+ increased to 10 mM, and, over this 

concentration, the gelation time increased again up to 100 mM Cu2+ 

ion-containing SF solutions. However, in any case, the SF solution 

containing Cu2+ ions had shorter gelation times compared to SF 

solutions without Cu2+ ions. The effect of the SS layer was not 

significant relative to the strong binding of Cu2+ in the SF solution. 

In the case of Cu2+ diffusion from SS solutions, the gelation time of 

the SF solution decreased because of the tendency of Cu2+ to 

diffuse into SF solution (Figure 55).  

 

4.3.4 Diffusion behavior of metal ions and their 

effects on the gelation time of SF 

Many researchers have focused on the conformational transition 

of SF with different types of metal ion in different concentration 

ranges. It is clear that most metal ions with appropriate 

microenvironments can affect the conformational transition from 

Silk I to Silk II structures. However, Bombyx mori silk is 

surrounded by an SS layer in their middle glands. The SS is always 

located at the sheath part of the silk protein and flows together with 

SF in the spinning duct during the formation of silk fibers. This  
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Figure 54. Relative gelation kinetics and gelation time of SF with various amounts 

of Cu2+ ions in the presence or absence of phase-separated SS. 
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Figure 55. Relative gelation kinetics and gelation time of SF in the presence of 

phase-separated SS with various amounts of Cu2+ ions.   
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means that there is a possibility of ion migration between the SF 

and SS. However, there has been no research on such ion transfers 

or diffusion potential. Investigations on the effect of metal ion 

species and their kinetics between phase-separated proteins have 

been limited by the ability to monitor the transfer of metal ions. In 

this study, to investigate the metal ion transfer between phase-

separated SF and SS layers, a different method was used. First, the 

metal transfer from or into the SF solution was compared with that 

of distilled water. This showed the fundamental binding ability of SF 

with various metal ions. Second, an in vitro macro phase separation 

between SF and SS was established, mimicking the environment in 

the silk gland. The concentration of SF was 4% (w/v) and that of SS 

was 1% (w/v).  

Figures 56 and 57 show the concentration changes between 

phase-separated SF and SS during the ion diffusion experiments 

from SF to SS and from SS to SF, respectively. In both cases, the 

concentration of SF decreased to about 0.1% and that of SS 

increased to about 0.1%. This concentration variation was similar to 

that seen in a previous experiment, where the gelation time of SF 

was observed with phase-separated SS without any ions. 

Therefore, in the ion diffusion experiment, the change in ion 

concentration was only determined by the diffusion of ions by to the 

concentration gradient. If an ion did not have any affinity with the 

protein in the initial layer, the final amount of migrated ion from the 

initial layer would be close to 2000 μg. When the final amount of  

 123 
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(e) 

Figure 56. Concentrations in each layer during metal ion diffusion from SF to SS. 

(a) Na+ ,(b) K+, (c) Li+, (d) Ca2+, and (e) Cu2+.   
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(e) 

Figure 57. Concentrations in each layer during metal ion diffusion from SS to SF. 

(a) Na+ , (b) K+, (c) Li+, (d) Ca2+, and (e) Cu2+. 
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migrated ion from the initial layer was far low than 2000 μg, the 

ion had a high affinity with the protein in the initial layer. 

SF and distilled water maintained the phase separation until the 

gelation of SF was completed (data not shown). Figure 58 (a) 

shows the amount of metal ions that diffused from the SF layer to 

the distilled water. For all metal ion species, less than 20% of the 

total ions moved to the distilled water layer. This result indicates 

that the metal ion diffusion from SF to phase-separated water was 

not only dependent on the concentration gradient, but also by the 

differences in metal binding affinities between the phase-separated 

solutions. There were interactions between SF and metal ions, and 

these interactions inhibited the movement of metal ions to the 

phase-separated water layer. In a comparison of the amounts of 

diffused metal ions, Cu2+ ion was the least diffusible ion, meaning 

that it there were stronger interactions between SF molecules and 

Cu2+ ions than SF with other ions.  

Figure 58 (b) shows the amount of diffusion of each metal species 

from distilled water into the SF solution. In contrast with the ion 

transfer from the SF, the metal ion transfer from distilled water to 

the SF layer depended on the concentration gradient only. More 

than 40% of the total ions moved to the SF layer in the cases of all 

metal species. Comparing the total amount of diffused ions, Cu2+ 

was the only ion with more than 2,000 μg diffused into the SF 

layer. This result demonstrates, once again, the interaction between  
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Figure 58. Amount of metal ions that diffused between SF and the distilled water 

layer with metal ions in each layer. (a) Metal ion added into SF and (b) metal ion 

added into distilled water.   
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SF and Cu2+. 

The middle gland of silkworms serves as a reservoir of silk 

protein during the spinning process. We designed a static macro 

phase separation system with SF and SS that mimicked the middle 

gland of silkworms. Figure 59 shows the amount of metal ions that 

diffused between phase-separated SF and SS. Most ions 

preferentially bound with SF, except for Na+ ions. From SS to SF, 

Na+ ion diffusion to SF was difficult because of the high bind affinity 

between Na+ and SS molecules. It is unclear why Na+ has a higher 

binding affinity to SS, but the high content of carboxyl-bearing 

amino acids in SS might be responsible. Conversely, Cu2+ ions 

bound preferentially with SF molecules. This finding was supported 

by the Cu2+ adsorption experiments using SF and SS beads. 

The time of SF gelation during metal transfer was also 

investigated (Figures 60 and 61). Overall, the increased ion 

concentration and the presence of an SS layer delayed the gelation 

of SF solutions, except with Cu2+ ions. Alkaline metal ions such as 

Na+, K+, and Li+ retarded the gelation of SF. However, these ions 

did not have a significant affect in the concentration range of metal 

ions in the actual silk gland and fibers. Ca2+ ions retarded the 

gelation of SF solutions greatly. The gelation time of SF solutions in 

the case of 1 mM Ca2+ was four-fold longer than that of SF 

solutions without Ca2+ ions, even though the concentration was just 

half the amount of Ca2+ in the silk gland.  
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Figure 59. Amount of metal ions that diffused between the SF and SS layers with 

metal ion in each layer. (a) Metal ion added into SF and (b) metal ion added into 

SS.  
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Figure 60. Effects of metal ions in the SF layer on the gelation time of SF, 

described by a gelation retardation index.  
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Figure 61. Effects of metal ions in the SS layer on the gelation time of SF, 

described by a gelation retardation index.  
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In the case of Cu2+ ions, the SF gelation time decreased relative 

to that of SF without Cu2+ ions. This gelation acceleration effect 

might have been caused by the strong binding affinity between SF 

and Cu2+. Zouh et al. investigated the effect of Cu2+ on the 

conformational transition of SF using Raman spectroscopy and 

found that Cu2+ induced a conformational transition from random 

coils to β-sheets [113]. Taken together, these findings indicate 

that Cu2+ could play a role in the spinning process of SF. From silk 

gland to silk fiber, only the concentration of Cu2+ ions increased, 

while the concentrations of Na+, K+, Li+, and Ca2+ ions decreased. 

The formation of silk fibers is carried out with a conformational 

transition from random coils to the β-sheets. For such a 

conformational transition to occur, Cu2+ ions that promote the β-

sheet transition might increase. In comparing the Cu2+-binding 

affinity between SF and SS, these SF conformational transitions 

could occur by diffusion of Cu2+ ions from the SS layer during the 

formation of silk fibers.  
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5. Conclusion 

In this study, a phase-separated SF and SS solution layer was 

constructed that mimicked the state in the middle silk gland. Two 

effects of the SS solution layer on the SF solution layer were 

investigated: the gelation time and hydrogel structure of SF and the 

ion partition between the two layers.  

The phase-separated SS slowed the gelation of SF, and this 

became more significant as the SS concentration and the 

concentration ratio of SF/SS increased. From the Tht fluorescence 

intensity kinetics, the gelation delay resulted from the slow β-

sheet structure development in the SF layer. Interestingly, the X-

ray diffraction pattern of the SF hydrogel exhibited a typical Silk I 

structure. These results suggest that SS, even though it was phase 

separated, could prevent premature crystallization of SF and induce 

a Silk I hydrogel structure, resembling the original state in the 

middle silk gland. 

Ion partitioning between the SF and SS layers was investigated 

with Li+, Na+, K+, Ca2+, and Cu2+. Additionally, the gelation times of 

the SF layer in the presence of different ion concentrations was 

determined. Depending on the metal ion species, different diffusion 

behaviors were observed. Most metal ions diffused towards the SF 

layer, except for Na+, which diffused into the SS layer. The metal 

species and amount of diffused metal ion affected the gelation 

kinetics of SF as well. Overall, increased ion concentrations and the 
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presence of the SS layer delayed the gelation of the SF solution, 

except with Cu2+ ions. Ca2+ ions had the strongest retardation 

effect, while Cu2+ accelerated the gelation of SF. 

In conclusion, the SS layer that surrounds the SF layer can affect 

the structural conformation of SF in the middle silk gland, stabilizing 

the SF before spinning. This is the first report indicating that the SS 

layer in the middle silk gland may have more important roles than 

has previously been recognized.  
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국문 초록 

 

실크섬유의 방사과정은 합성섬유의 방사공정에 비하여 다양한 

측면에서 이점을 가지고 있다. 하지만 실크 방사과정은 아직까지 

명확하게 밝혀져 있지 않다.  

지금까지 실크방사과정에 관한 연구결과들은 대부분 피브로인 단백질 

자체에만 국한하여 연구가 진행되었다. 누에가 생산하는 실크섬유는 

피브로인과 세리신 이라는 두 가지 단백질로 구성되어 있다. 세리신은 

누에의 중부 실샘에서 합성되어 피브로인 단백질을 상분리 상태로 

감싸져 있는 형태로 존재한다. 지금까지 세리신은 실크 방사과정에서 큰 

관심을 받지 못했다. 하지만 최근 들어 세리신이 피브로인의 구조전이에 

관여한다는 연구결과가 보고되었다. 

따라서 본 연구의 목적은 상분리된 세리신이 피브로인의 겔화 과정에 

있어 피브로인의 구조전이에 미치는 영향을 알아보는 것이다. 또한 

상분리된 세리신의 존재가 금속이온 분배 및 피브로인의 겔화 시간에 

미치는 영향에 대해 알아보는 것이다.  

실험을 위하여 피브로인과 세리신의 상분리 상태에서 피브로인의 겔화 

시간을 관찰하였으며 생성된 피브로인 하이드로겔의 특성을 분석하였다. 

피브로인의 겔화 시간은 상분리된 세리신의 농도가 증가할수록 지연되는 

경향을 보였으며 이러한 겔화 지연 현상은 피브로인의 베타 시트로의 

구조전이가 상분리된 세리신의 존재 하에서 지연되기 때문에 발생하는 

것으로 확인되었다. 또한 X 선 회절 분석을 통하여 0.5% 및 1.0%의 

세리신 존재 하에 형성된 피브로인 하이드로겔의 경우 전형적인 실크 I 

구조를 나타내는 것을 발견하였다. 이러한 결과는 상분리된 상태에서도 
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세리신이 피브로인의 구조전이를 지연시킬 수 있으며 실크 I 구조를 

갖는 하이드로겔 형성을 촉진시킨다는 것을 의미한다.     

이온 분배 실험의 경우 Na+ 를 제외한 대부분의 이온이 피브로인과의 

친화도가 높았으며 이동한 금속이온의 종류 및 그 양이 피브로인의 겔화 

시간에 영향을 주는 것으로 밝혀졌다. 피브로인으로 이동한 대부분의 

금속이온은 겔화 시간을 지연시켰으며 그 중 Ca2+ 이온은 그 지연 

효과가 가장 큰 것으로 밝혀졌다. 또한 모든 실험에서 상분리된 세리신 

존재 시에 피브로인의 겔화 시간이 지연됨을 확인하였다.      

결과적으로 본 연구에서는 상분리된 세리신이 피브로인의 구조전이에 

미치는 영향을 살펴보았으며 위 실험결과들을 종합하여 볼 때, 상분리된 

세리신이 피브로인의 실크 I 구조를 유도하여 피브로인의 구조적 

안정화에 크게 기여함을 확인하였다.  

 

 

 

 

 

                                                                 

색인어 : 실크 피브로인, 실크 세리신, 실크 I 구조, 겔화, 금속 이온   

 

학번 : 2010-21192 

  

 156 


	1. Introduction 
	2. Literature survey 
	2.1. Silk protein 
	2.1.1. Silk fibroin (SF) 
	2.1.2. Silk sericin (SS) 

	2.2. Mechanism of silk spinning process 
	2.2.1. Crystalline structure of SF 
	2.2.2. Self-assembly of SF 
	2.2.3. Silk gland composition and the role of the silk gland at each stage in the silk spinning process SF

	2.3. Effects of interaction between SF and SS on the process of spinning silk fiber 
	2.4 Metal ion concentrations in the silkworms and their effects 

	3. Materials and methods 
	3.1. Materials 
	3.2. Preparation of regenerated aqueous SF and SS solution 
	3.3. Gelation experiment of with SS in the phase separation condition 
	3.3.1. Gelation kinetics of SF with phase separated SS  
	3.3.2. β-sheet transition kinetics of SF with phase separated SS 

	3.4. Characterization of SF solution and hydrogel  
	3.4.1. Fourier-transform infrared (FTIR) spectroscopy 
	3.4.2. X-ray diffraction (XRD) 
	3.4.3. Mechanical tests 
	3.4.4. Dissolution and enzymatic degradation test 

	3.5. Preparation of Bombyx mori Silk Gland Samples 
	3.6. Ion diffusion behavior between SF and SS 
	3.6.1. Ion diffusion between SF and SS 
	3.6.2. Ca2+ binding ability of SF and SS 
	3.6.3. Cu2+ adsorption capacity of SF and SS  

	3.7. Gelation experiment of SF with SS in ion diffusion environment 

	4. Results and discussion 
	4.1. Retardation effect of SS on the gelation behavior of SF   
	4.1.1. Macro phase separation between SF and SS 
	4.1.2. Retardation of gelation time of SF solution in the presence of phase separated SS solution 
	4.1.3. Effect of the phase-separated SS solution pH on the gelation kinetics of SF 
	4.1.4. Effect of SF concentration on the gelation kinetics of SF with a phase-separated SS solution SF 
	4.1.5. Effect of the phase-separated SS concentration on the gelation kinetics of SF 
	4.1.6. Effect of the macro phase separation condition on the β-sheet transition kinetics of SF 

	4.2. Characterization of an SF hydrogel prepared in the presence of phase-separated SS 
	4.2.1. Secondary structure of silk gland and fiber 
	4.2.2. Secondary and crystalline structure of SF before gelation 
	4.2.3. Secondary and crystalline structure of SF after gelation 
	4.2.4. Secondary and crystalline structure of SF after aging 
	4.2.5. Interaction between SF and SS in a phase-separated state 

	4.3. Effect of metal ion in the phase separated SF and SS 
	4.3.1. Concentration of SF and SS in the middle division of silk gland 
	4.3.2. Metal content in the Bombyx mori silk gland and silk fibers 
	4.3.3. Metal ion diffusion behavior and its effect on SF gelation 
	4.3.4 Diffusion behavior of metal ions and their effects on the gelation time of SF 


	5. Conclusion 
	Bibliography 
	Abstract in Korean 


<startpage>15
1. Introduction  1
2. Literature survey  5
 2.1. Silk protein  5
  2.1.1. Silk fibroin (SF)  5
  2.1.2. Silk sericin (SS)  6
 2.2. Mechanism of silk spinning process  7
  2.2.1. Crystalline structure of SF  7
  2.2.2. Self-assembly of SF  9
  2.2.3. Silk gland composition and the role of the silk gland at each stage in the silk spinning process SF 14
 2.3. Effects of interaction between SF and SS on the process of spinning silk fiber  18
 2.4 Metal ion concentrations in the silkworms and their effects  20
3. Materials and methods  23
 3.1. Materials  23
 3.2. Preparation of regenerated aqueous SF and SS solution  23
 3.3. Gelation experiment of with SS in the phase separation condition  24
  3.3.1. Gelation kinetics of SF with phase separated SS   24
  3.3.2. ет-sheet transition kinetics of SF with phase separated SS  25
 3.4. Characterization of SF solution and hydrogel   27
  3.4.1. Fourier-transform infrared (FTIR) spectroscopy  27
  3.4.2. X-ray diffraction (XRD)  28
  3.4.3. Mechanical tests  29
  3.4.4. Dissolution and enzymatic degradation test  29
 3.5. Preparation of Bombyx mori Silk Gland Samples  30
 3.6. Ion diffusion behavior between SF and SS  31
  3.6.1. Ion diffusion between SF and SS  31
  3.6.2. Ca2+ binding ability of SF and SS  32
  3.6.3. Cu2+ adsorption capacity of SF and SS   34
 3.7. Gelation experiment of SF with SS in ion diffusion environment  35
4. Results and discussion  37
 4.1. Retardation effect of SS on the gelation behavior of SF    37
  4.1.1. Macro phase separation between SF and SS  37
  4.1.2. Retardation of gelation time of SF solution in the presence of phase separated SS solution  42
  4.1.3. Effect of the phase-separated SS solution pH on the gelation kinetics of SF  44
  4.1.4. Effect of SF concentration on the gelation kinetics of SF with a phase-separated SS solution SF  45
  4.1.5. Effect of the phase-separated SS concentration on the gelation kinetics of SF  48
  4.1.6. Effect of the macro phase separation condition on the ет-sheet transition kinetics of SF  50
 4.2. Characterization of an SF hydrogel prepared in the presence of phase-separated SS  54
  4.2.1. Secondary structure of silk gland and fiber  54
  4.2.2. Secondary and crystalline structure of SF before gelation  56
  4.2.3. Secondary and crystalline structure of SF after gelation  63
  4.2.4. Secondary and crystalline structure of SF after aging  74
  4.2.5. Interaction between SF and SS in a phase-separated state  74
 4.3. Effect of metal ion in the phase separated SF and SS  81
  4.3.1. Concentration of SF and SS in the middle division of silk gland  81
  4.3.2. Metal content in the Bombyx mori silk gland and silk fibers  83
  4.3.3. Metal ion diffusion behavior and its effect on SF gelation  85
  4.3.4 Diffusion behavior of metal ions and their effects on the gelation time of SF  120
5. Conclusion  133
Bibliography  135
Abstract in Korean  155
</body>

