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CChapter 1. General Introduction. 

 

1.1 Silk 

 

Silk has been used as a fiber for textile for more than 8500 years [1 - 

2]. Now, as a material, silk is recognized as the “Queen of fiber” due to its 

luster, softness, feel, and mechanical properties. Silk is made of two kinds 

of proteins: the fibroin and the sericin. Fibroin is the main protein to make 

silk fibers, and sericin plays the adhesive role in constructing cocoon by 

binding fibroin fibers together. The fibroin protein is biosynthesized at 

the posterior division of the silk gland in the silkworm, and the sericin is 

produced at the middle division surrounding the fibroin, therefore the 

cross section of cocoon fiber is observed as a core-shell structure (Fig. 1).  

 

Fig. 1 SEM photograph of cross-section of a Bombyx mori cocoon fiber [3] 

 

There are many kinds of silk producers among the insects. Spiders 

and Lepidoptera are the typical silk manufacturers. A study by Boulet-

Audet et al. [4], presents the classification of Lepidoptera and spiders 
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determined by the structure of the silk fiber analyzed by infrared 

spectroscopy. As shown in Figure 2, five groups of silk species have been 

drawn when the Euclidean distance, the dissimilarity, was small enough. 

The five groups are the following: 

 Group 1: Caligula, Saturnia and Actias, 

 Group 2: Argema, 

 Group 3: Antheraea, 

 Group 4: Attacus and Samia, 

 Group 5: Bombyx. 

The group 5, Bombyx mori (B. mori), is known as the domestic silk 

and is manufactured by sericulture and reeling industries. Its main end-

use is as a textile fiber. The other groups are known as wild silks and 

especially group 3, Antheraea, is probably the most famous in the wild 

silk groups. The Antheraea is gathered from fields mainly in Japan and 

China. It is also used as a textile fiber. But wild silks are expected as a 

new material to be utilized as a bio-resource because of its different 

properties from B. mori silk. We also think wild silk’s possibilities as a 

new functional material are to be used especially in the medical field. We 

focused on Antheraea pernyi (A. pernyi) silk as wild silk in this study, 

because the cocoons are easily available from our university farm. 
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FFig. 2 Classification of silk by its sequence (A) or its FTIR structure (B), 
from Boulet-Audet et al. [4] 

 

1.2 A. pernyi and B. mori 

 

Many studies of B. mori fibes and fibroin concerning the structures 

(primary and higher ordered) [5 - 7], properties (mechanical, 

physicochemical, and physiological) [8 - 12], modifications (chemical and 

transgenetical) [13, 14] and applications (electrical, optical, and medical) 

[15 - 17] have been reported. Especially, the applications in medical are 

paid much attention recently. It comes from the fact that B. mori silk 

fibroin has been used as surgical suture for thousands of years [18 - 19] 

and the resulting biosafety. Recent studies revealed that B. mori fibroin 

has great properties such as biocompatibility and biodegradability [20 - 

21] with cells and tissues. On the contrary, the number of studies 
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concerning with wild silks, like A. pernyi, are much fewer than B. mori 

fibroin [22].  

From the past years, A. pernyi has been more and more studied and 

compared to the B. mori. Sezutsu et al. analyzed the dynamic 

rearrangement within the A. pernyi silk fibroin gene, proving the 

association of four types of repetitive units for its molecule [23]. The 

primary structure of the A. pernyi silk fibroin has been studied by Fu et 

al., putting in evidence the similarity of the wild silk with the spider silks 

and yet not as good but still better than the B. mori [24]. Also, Zhang et 

al. showed in their study that the A. pernyi could be a potential resource 

for artificially biospinning spider dragline silk thanks to its mechanical 

properties [25]. 

 Guan et al. investigated the difference in the microstructure and 

mechanical properties between B. mori and A. pernyi cocoons composites. 

The cocoons share a similar fiber-network where the fibroin filaments are 

connected to each-other by sericin. However, they have different 

mechanical properties in their cocoons such as a higher density and lower 

porosity for the A. pernyi cocoons, along with a specific breaking energy 

three times greater than that of B. mori [26]. Du et al. also compared the 

interaction between fibroin and sericin proteins from A. pernyi and B. 

mori silk fibers. The results show the adhesion between sericin and 

fibroin in A. pernyi silks is stronger and more heterogeneous than that in 

B. mori silks, hence the difficulties to properly process the degumming 

process on A. pernyi fibers [27]. Want et al. and Zuo et al. investigated 
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the structure and properties of regenerated A. pernyi silk fibroin 

filaments, conducting a research on the molecular weight of the 

regenerated silk fibroin aqueous solution. The study also reported the 

regenerated A. pernyi silk fibroin has a crystalline structure similar to 

the native fiber with mainly a beta-sheet conformation but more alpha-

helix and random coil conformation [28 - 29].  

 

11.3 Medical applications of A. pernyi silk 

 

 Several studies where A. pernyi fibroin is used for medical 

applications have been reported. Since A. pernyi fibroin has RGD (Arg-

Gly-Asp) sequence in the molecules [23], which is known as cell adhesion 

promoting sequence [30], A. pernyi fibroin materials are thought as a 

promising material in tissue engineering scaffold for cell compatibility. 

Three dimensional scaffolds are a very interesting tool for medical 

purposes, offering an effective scaffold for cell support and tissue 

regeneration. As a possible biomaterial, Zhao et al. checked the enzymatic 

degradation of A. pernyi silk fibroin 3D scaffolds and fibers [31]. Films 

and porous scaffolds have been used for in vitro and in vivo experiments 

to prove the good biocompatibility of the A. pernyi fibroin with cells. For 

example, the wild silk fibroin has been used for tendon scaffold [32] or 

spinal cord repairs [33]. Another study used the A. pernyi silk fibroin as 

powdered wound dressing on rats [34] or the blend P(LLA-CL) 

nanofibrous scaffold for peripheral nerve tissue engineering [35]. 
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11.4 Fabrication of A. pernyi silk fibroin 

 

The most important properties required to the materials used in 

medical field is safety to living body on not only materials themselves but 

also the fabrication processes. Once any toxicity regents including the 

solvents has been used in the process, it is difficult to ensure the safety of 

the fabricated materials. In the case of B. mori fibroin, the safety 

fabrication process based on water solvent as a safest solvent is 

established [10] including production of nanofiber mat by electrospinning 

using a fibroin aqueous solution as the spinning dope [36].  A. pernyi 

fibroin was also reported to make the aqueous solution for fabrication of 

materials with various forms like film. 

Table 1 summarize some researches and their different method of 

preparation of the A. pernyi silk fibroin aqueous solution. Kweon et al. 

studied the dissolution and characterization of regenerated A. pernyi silk 

fibroin [37]. Tsukada et al. could prepare regenerated A. pernyi films by 

using lithium thiocyanate solvent and studied its stability with 

temperature changes [38]. Kweon et al. prepared regenerated A. pernyi 

silk fibroin films by using Ca(NO3)2 solution and studied the 

conformational changes after methanol or heat treatments [39 - 41] and 

the conformational change by ethanol treatment [42]. Lu et al. also 

investigated the preparation of water-insoluble A. pernyi silk fibroin films 

from the aqueous solution [43]. Liu et al. investigated the gelation of A. 
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pernyi silk fibroin and how it can be accelerated by shearing by inducing 

rapid physical intra- and inter-molecular cross-linking via β-sheet 

formation [44]. Chemical crosslinking for A. pernyi regenerated silk 

fibroin compliant film was studied by Li et al. Mixing with at least 20 

wt.% PEG-DE (Polyethylene glycol- Diglycidyl ether) in A. pernyi films 

could make an effective crosslinking reaction and retained an α-helix and 

random coil rich structure [45]. Blend films were also studied such as 

Poly-vinyl alcohol/fibroin blend films [46] or the fibroin/chitosan blend. 

Their structural and thermal characteristics were investigated by Kweon 

et al. who also investigated for drug delivery system [47, 48]. 

 

Table 1. Summary of the process conditions for preparation of A. pernyi 
fibroin Aqueous solution from previously reported papers 

 

According to these studies, the typical process to make the aqueous 

solution from A. pernyi cocoons is constructed by 1) degumming using 

NaCO3 solution and sometimes washing the cocoon with NaHSO4 for 

Solvent Conditions Dialysis conditions 

10 M LiSCN 1 :10 (w/v) – 55°C – 2h Water – 4d – 4°C [27] 

Saturated LiSCN 1 :10 (w/v) – 50°C – 80 min Water – 4d – RT [43] 

9 M LiSCN 1 :10 (w/v) – 50°C – 1h Water – 4d - RT [35] 

9 M LiSCN 1 :10 (w/v) – 40°C – 1h Water – 4d - RT [45] 

7 M Ca(NO3)2 No data – 100°C – 3h Water – 4d – RT [37] 

10 M LiSCN 1 :10 (w/v) – 40°C – 1h Water – 4d – RT [42] 

Ca(NO3)2·4H2O 1 :10 (w/v) – 105°C – 5h Water – 4d – RT [40, 44, 49] 
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removing calcium oxalate crystals on the cocoon, 2) dissolving in high 

concentration LiSCN solution or melted Ca(NO3)2, and 3) dialyzing 

against water for several days. As the first step of my study, we have 

traced the reported process to make the aqueous solution. However, we 

encountered difficulties to prepare A. pernyi fibroin aqueous solution with 

stability and reproducibility. The main problem was the gelation of the 

solution during the dialysis process. This easy gelation of A. pernyi fibroin 

may come from stronger interactions among the molecules because poly-

(Ala) sequence in the primary structure like the spider dragline silk 

presents in its crystalline region. We have made great efforts to overcome 

the trouble, but all attempts could not be adapted to establish the process 

without gelation. It will be strictly required to prepare the aqueous 

solution with stability and reproducibility to manufacture A. pernyi 

fibroin materials used in medical field.   

 

11.5 Objective  

 

The objective of my study is the development of a new fabrication 

technology of A. pernyi fibroin from the aqueous solution and aiming at 

its utilization as a medical material such as a tissue engineering scaffold.  

The first part of the study is a basic research on the improvement of 

the process to make an aqueous solution with stability and reproducibility. 

Each process, which includes degumming, dissolving, and dialyzing steps, 
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are reconfirmed by examining every condition possible. Then, the A. 

pernyi fibroin in the aqueous solution is characterized. 

The second part of the study is the fabrication of A. pernyi fibroin 

coating films using the aqueous solution. The structure, surface 

morphology and physicochemical properties, and cell compatibility are 

determined and compared with other previous reports and B. mori fibroin 

films. 
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11. Introduction 

 

The Antheraea pernyi silk, which is a kind of wild silks, has recently gathered 

attention as a biomaterial for cell culture substrate, gene delivery carrier, and cell 

scaffold in tissue regeneration [1 - 5]. A. pernyi silk fibroin molecules have an Arg-Gly-

Asp (RGD) tripeptide sequence [6] which can bind to integrin receptors in cell 

membrane and facilitate adhesion of many kinds of cells [7]. 

A. pernyi degummed fiber filaments were reported for the development of a nerve 

guidance for spinal cord repair [8], while regenerated A. pernyi fibroin materials like 

film, sponge, and gel were fabricated for wide variety of applications as biomaterial from 

the A. pernyi fibroin aqueous solution [1, 9]. Several procedures were reported to 

prepare the aqueous solution. A. pernyi fibroin liquid was collected from the posterior 

silk gland of a mature larva and dispersed in deionized water [10, 11]. Pure A. pernyi 

aqueous solution can be obtained by this procedure, but the process requires a skilled 

handwork and the amount of fibroin is too little to fabricate various kinds of materials. 

Degummed cocoons are a useful source for preparation of A. pernyi fibroin. High 

concentrated LiSCN solution and melted Ca(NO3)2 are typical solvents for dissolving 

the A. pernyi fibroin fibers according to the literature [12]. The reported process explains 

that the degummed A. pernyi fibers are dissolved in the above-mentioned solvents while 

heating and stirring, then the solution is dialyzed against water for several days. 

However, when making the aqueous solution under the same published conditions, we 

often experienced gelation and aggregation of A. pernyi fibroin. It is inferred that since 

the A. pernyi fibroin is easy to aggregate and self-assemble due to the strong 
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intermolecular interactions through the hydrogen bonding in β-sheet structure 

consisted by the poly-Ala sequences [13], a subtle difference in the environment during 

the preparation process will affect the molecular aggregation in the solution. Stable and 

reproducible production system is very important for the industrial applications of A. 

pernyi fibroin. In this study, we reconsidered the whole process to make A. pernyi fibroin 

aqueous solution from the cocoons and reported an improved process to produce the 

aqueous solution with stability and reproducibility. 

 



20 
 

22. Materials and Methods 

 

2.1 A. pernyi cocoons 

 

A. pernyi silkworms were bred at the farm of Shinshu University, 

Ueda, and the collected and stored cocoons were kindly supplied by Prof. 

Z. Kajiura, Shinshu University. 

 

2.2 Degumming 

 

A. pernyi cocoons were cut in small pieces and degummed with 2.5 

w/v% Na2CO3 solution at 95-98  for 30 mins, and then washed three 

times with hot water and dried at 50  overnight. The degumming 

process was repeated three times. The degumming ratio at each time was 

determined by the equation as follows: 

 

Degumming ratio(%) = (W0 – W1)/W0 x 100 

 

W0 and W1 are the weight of the cocoons before and after degumming, 

respectively. 

In order to examine washing effects of the cocoons, before degumming 

process, the cocoons were washed with water for 30 mins at room 

temperature or with 0.05% of NaHSO4 solution for 5 mins at 95 . 
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22.3 Dissolving and dialysis 

 

0.25 g of the degummed fibers were dissolved in 2.5 mL of lithium 

thiocyanate (LiSCN, Wako pure chemical Co. Ltd., Japan) at 10 to 16 M 

concentrations. The dissolving process was performed at 45  for 1 hour 

with shaking in water bath, and the solubility was judged by the 

appearance of the solutions considering the existence of visible fibers in 

the solution. The dissolved A. pernyi fibroin solutions were poured into a 

cellulose dialysis tube (MWCO 6000-8000, Spectrapore, Tokyo, Japan) 

and followed by dialysis process. The dialysis process was conducted using 

the bath ratio of the dialysis solution to fibroin solution of 150 at room 

temperature. The changing of the dialysis solution and duration of 

dialysis was changed according to the designed protocol of each 

experiment. The dialysis was confirmed by measurement of the 

conductivity of the dialysis solutions using conductivity meter (Laqua, F-

74BW, Horiba Co. Ltd., Tokyo, Japan). The concentration of the aqueous 

solution was determined by weighting the remaining solid after drying 

the solution. 

 

2.4 Analytical methods 

 

Surface morphology of native and degummed fibers was observed by 

Scanning Electron Micrograph (SEM, JEOL, JSM-6010LA, 10 kV, Tokyo, 

Japan) after Au coating. Particle distribution in the aqueous solution was 
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measured by dynamic light scattering (DLS, Malvern Instruments 

Zen3600, Malvern, UK) and the amount of Ca2+ ions were determined by 

inductivity coupled plasma optical emission spectrometer (ICP-OES, 

Hitachi, SPS3100, Tokyo, Japan). 

 

33. Results and Discussion 

 

3.1 Degumming and dissolving  

 

For degumming of A. pernyi cocoons, we performed the pretreatment 

with NaHSO4 solution because calcium oxalate crystals are existing of the 

cocoons [14 - 16]. We thought the crystals might be influencing the 

degumming and solubilizing process to make A. pernyi aqueous solution. 

Figure 1 shows the SEM images of the external and internal surface of A. 

pernyi cocoon before and after pretreatment with water and NaHSO4. The 

NaHSO4 solution washing was effective to remove the crystals from A. 

pernyi cocoons as shown in Figure 1 (c). Indeed, the oxalic acid is a weak 

acid when in solution and the oxalate ions from the calcium oxalate 

crystals prefer binding to become oxalic acids. The oxalate ions are 

therefore supplied by the calcium oxalate present on the fibres and 

because of the acidic condition of the solution, will turn to oxalic acid. 

Figure 2 shows the weight change of A. pernyi cocoons by the NaHSO4 

washing and degumming. The amount of the crystals was estimated at 

approximately 12 wt % of the cocoon weight [17]. Degumming was 
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performed three times according to the report by Tao et al. [10]. In our 

study, the degumming ratio was increased slightly at each degumming 

process. The final degumming ratio after 3 times degumming, are 

summarized in the table inserted in Figure 2. The degumming ratio of the 

native cocoon without prewashing was calculated at 21.9 %, while 14.1 % 

and 16.6 % of the degumming ratio from the NaHSO4 and water 

pretreatment cocoons were evaluated, respectively. This difference is 

clearly explained by the crystals and debris existing on the native cocoons. 

And since NaHSO4 solution is better solvent for dissolving of the oxalate 

crystal than water, the degumming ratio of the NaHSO4 pretreatment 

cocoon will decrease comparing with water pretreatment cocoon. 

It has been reported to dissolve A. pernyi fibroin with fluorinated 

organic solvents like hexafluoro isopropanol [18], strong acids like formic 

acid, high concentrated salt solutions like LiSCN and melted CaNO3 [12]. 

We used LiSCN solution for dissolving A. pernyi fibroin because of the 

safety and handling. Although 10 M LiSCN solution was tried to dissolve 

our A. pernyi fibroin at 40  according to the report by Kweon et al. [12], 

it was hard to dissolve completely even if the solution was kept at high 

temperature. Therefore, we examined the conditions for dissolving our A. 

pernyi fibroin, and the results are summarized in Table 1. Our A. pernyi 

fibroin could not dissolve completely with less than 12 M LiSCN solution 

even if the concentration was low and the temperature was high, but a 

higher concentration than 12 M LiSCN solution could work to dissolve 
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our A. pernyi fibroin as shown in Figure 3. And no influence of the 

pretreatment process on solubility of A. pernyi fibroin was observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FFig. 1. SEM images of pieces of cocoons before the degumming process. 

On the left, the inside part of the cocoons and on the right, the external 
part of the cocoon. (a) Native cocoon without pretreatment; (b) after water 
pretreatment; (c) after NaHSO4 pretreatment. 

 

 

 

 

 

(a) 

(b) 

(c) 
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FFig. 2. Weight loss through pretreatment and degumming processes of A. 
pernyi fibers and degumming ratio (inserted table). N=4 for without 
treatment and N=3 for NAHSO4 and error bars represent their standard 

deviation. N=2 for water pretreatment and the error bars represent the 
differences of the two data. 
 

Table 1. Conditions of dissolving A. pernyi fibers at 3, 5 and 10% 

concentration and dissolution results. (*) ○ No fibers were remained 

apparently, Small amount of fibers were presented, ×: Original fibers 

were remained. 

LiSCN 
concentration Temperature Time Dissolution * 

3, 5 and 10% 
in 10 M 

45°C 
95°C 

1h 
1h 

X 
X 

3, 5 and 10% 
in 12 M 

45°C 
95°C 

1h 
1h 

X 
Δ 

3, 5 and 10% 
> 12M 45°C 30 mins O 

60%

80%

100%

Raw After pre-
treatment

First
degumming

Second
degumming

Third
degumming

Sodium Bisulfate Water None
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FFig. 3. Appearance of the A. pernyi fibroin solutions dissolved with 15 M 

LiSCN from degummed fibers (a) without pretreatment, (b) with water 

pretreatment, and (c) with NaHSO4 pretreatment. 
 

3.2 Dialysis process 

 

In order to prepare A. pernyi aqueous solution, a dialysis process 

against water is required. The A. pernyi fibroin LiSCN solution at 12 M 

concentration as prepared above was dialyzed against water, but the 

solutions have turned to gel quickly in dialysis tube. We attempted to 

increase the concentration of LiSCN for preventing gelation during 

dialysis by the improvement of dissolving state. More than 15 M LiSCN 

was effective to prolong the gelation time up to 3 days, but finally the 

solution turned to gel during dialysis. We attempted to shorten the 

dialysis duration by decreasing the interval time of changing the dialysis 

solution from every 12 hr to 1 hr, but the gelation has occurred at the first 

dialysis stage. Yan et al. reported calcium and potassium ion help to delay 

the gelation of A. pernyi solution [13]. We added CaCl2 in the dialysis 

solution at the first and second time of the dialysis. The A. pernyi 

(a) (b) (c) 
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solutions dissolved with less than 14 M LiSCN were turned to gel quickly 

as same situation without CaCl2, but the A. pernyi solutions prepared 

with more than 15 M LiSCN could be delayed the gelation by addition of 

CaCl2 in the dialysis solution at the first and second time, but the gelation 

occurred at the end of dialysis (3 days) in the dialysis tube or during 

storage in refrigerator soon after dialysis. We found the gelation was 

prevented for more than 7 days by shortening the dialysis duration in the 

case of the A. pernyi solution dissolved with more than 15 M LiSCN. In 

order to confirm the dialysis process, we measured the change of the 

conductivity of the dialysis solution every 2 minutes during the dialysis. 

As shown in Figure 4, the conductivity of the dialysis solution both with 

and without CaCl2 increased during the first process due to the excluded 

LiSCN and the conductivity reached to a constant value within 2 hours 

after starting the dialysis. And, after 3 times of changing the dialysis 

solution, the conductivity of the solution reached to the same level of pure 

water. This result indicates that our dialysis process which consists to 

change the dialysis solution every 1 hr and repeat the changing by more 

than 3 times, work well for preparation of A. pernyi aqueous solution. The 

dialysis process conditions and the gelation results are summarized in 

Table 2.  

The A. pernyi solution dissolved with less than 14 M LiSCN has 

turned to gel quickly even with the addition of CaCl2 in the dialysis 

solution and the decrease of the dialysis duration within every 1 hr. On 

the other hand, no gelation of the A. pernyi solution dissolved with more 
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than 15 M LiSCN occurred by addition of CaCl2 and shortening the 

dialysis duration. We infer the undissolved A. pernyi particles remained 

in the solution under low concentration of LiSCN and the particles might 

be the trigger of the gelation during dialysis. In order to determine the 

existence of the particles in the LiSCN solution, DLS was performed. 

Figure 5 shows the results and indicates the diameter of 2 – 10 nm range 

particles were inside all A. pernyi solutions. This result will indicate the 

gelation trigger is not the undissolved A. pernyi particle but might be the 

self-assemble or self-coagulate molecules in the solution. Lower 

concentration of LiSCN will cause more self-assemble molecular 

complexes, and the molecular complexes will be the trigger of the gelation. 

Another possibility of the gelation trigger is the slightly acidic solution as 

shown by the pH measurement shown in Figure 4. The isoelectric point 

(pI) of the A. pernyi is reported around 4.3 [13], and the pH of the dialysis 

solution presented around pH 5.5 which is close to pI of A. pernyi. 

Therefore A. pernyi might has the tendency to aggregate in the dialysis 

conditions. Changing the pH of the dialysate to compensate has been tried 

(with pH 4, 7 and 9). However, results did not show improvements as the 

solution turned to gel each time. However, A. pernyi solution prepared by 

our CaCl2 process did not turn to gel even in this slightly acidic dialysis 

conditions. Adjustment of pH of the dialysis solution might be a useful 

method to inhibit the gelation of A. pernyi, but the additional process to 

adjust the pH of the dialysis solution will be required. Our CaCl2 process 

can use pure water as the dialysis solution.  
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FFig. 4. Conductivity and pH of dialysis solution during dialysis against 25 
mM CaCl2 for A. pernyi solution dissolved in 14.5 M LiSCN 
 

Table 2. Dialysis process conditions and the gelation results. C# indicates 
the times of the change of dialysis solution. C1 means the first time of 

dialysis solution change. - : not experimented 
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FFig. 5. Particle size distribution of A. pernyi fibroin in the solutions 

dissolved by different concentration of LiSCN. 
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44. Conclusions 

 

The preparation process of A. pernyi fibroin aqueous solution was 

studied. By examination of each steps to make the aqueous solution from 

cocoons, the dialysis process was key step in the process to prepare the 

aqueous solution with stability and reproducibility and without gelation. 

A shorter dialysis time and a supplement of CaCl2 in the dialysis solution 

at the first stage of dialysis was shown to make a better stability for the 

aqueous solution, and we established the proper process conditions for 

preparation of A. pernyi fibroin aqueous solution. The first stage of 

dialysis includes 25 mM of CaCl2 and is performed for 150 minutes in 

order to stably remove the lithium thiocyanate from the fibroin solution. 

The second stage is similar but for only 1 h. It is purposely to make sure 

that no remaining lithium thiocyanate is present in the solution. The four 

following stages of the dialysis are 1 h each with pure water to remove 

the excess of CaCl2. The total length time of the dialysis is calculated at 

7.5 hours. 
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CChapter 3: Characterization of the aqueous solution of A. pernyi prepared by an 

improved process. 

 

1. Introduction 

 

As shown in chapter 2, we succeeded to develop the new process for preparation of 

A. pernyi fibroin aqueous solution with stability and reproducibility. In this chapter, 

characterization of the A. pernyi fibroin prepared by the new process was performed. In 

the process, since CaCl2 was used during the dialysis step, the resulting A. pernyi fibroin 

molecules may be different in properties from A. pernyi fibroin of the other reported 

preparation methods. The molecular weight and the distribution of our A. pernyi fibroin 

were determined and compared with those of the reported results in previous literatures. 

And we measured Ca2+ concentration in the aqueous solution and calculated the Ca2+ 

amount incorporated in the A. pernyi fibroin molecules, because we inferred the Ca2+ 

ions may play an important role on the stability of A. pernyi molecules in the aqueous 

solution. Further we examined the gelation ability of the A. pernyi fibroin from the 

aqueous solution. The gelation ability is very important for fabricating the A. pernyi 

fibroin to materials with various forms based on water solvent process. If we can control 

the gelation behavior, it will make possible to manage the fabrication process for 

production of A. pernyi fibroin materials.  
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22. Materials and Methods 

 

2.1 A. pernyi cocoons 

 

We obtained the cocoons of A. pernyi silkworms from the farm in Shinshu 

University. 

 

2.2 Preparation of silk fibroin solution 

 

A. pernyi cocoons were cut in small pieces and degummed three times at 95 to 98 °C 

in a 2.5 w/v% Na2CO3 solution for 30 mins. After each degumming process, the fibers 

were washed three times with hot water and dried at 50 ℃ overnight. The degummed 

fibers were then dissolved in 15 M lithium thiocyanate (LiSCN, Wako pure chemical Co. 

Ltd., Japan) at 45 °C for 1h and dialysed for 7.5 hours in 25 mM CaCl2 and water with 

6 changes of dialysate in a cellulose dialysis tube (MWCO 6000-8000, Spectrapore, 

Tokyo, Japan). The resulting fibroin solution was stored at 4 °C prior use. 

 

2.3 Analytical methods 

 

The molecular weight of the A. pernyi fibroin in the aqueous solution was estimated 

by SDS-PAGE using PAGEL (5- 20% gradient gel, ATTO Co. Ltd., Tokyo, Japan) and 

electrophoresis buffer added 2 M Urea. Molecular weight standard was used (ZE-

Protein Standard, WSE-7020, ATTO Co. Ltd., Tokyo, Japan).  
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22.4 Gelation 

 

For evaluating the gelation time of the aqueous solution, 2 mL of the 1 and 5 wt% 

solutions were put into a microtube and incubated at 4, 25, 37, and 50 . The gelation 

time was defined as the time when the fibroin solution does not flow out from the 

microtube by placing the tube upside down. 

 

3. Results and discussion 

 

3.1 Molecular weight of the fibroin in the aqueous solution 

 

To determine the molecular weight and the distribution of A. pernyi fibroin 

prepared by our process, SDS-PAGE was performed. It was difficult to proceed SDS-

PAGE of A. pernyi fibroin by typical protocol because gelation was occurring during 

electrophoresis. For preventing the gelation, we used the buffer adding 2 M Urea. Figure 

1 shows the result of the SDS-PAGE. Clear bands were observed at around 23 kDa, and 

8 kDa, and smear band between 5 kDa and 200 kDa continuously was presented. The 

estimated Mw of A. pernyi by calculating the gene sequence is 216 kDa [1]. This result 

indicates that A. pernyi fibroin in our aqueous solution was degraded during the 

preparation process. However, the SDS-PAGE pattern is similar with the result 

reported by Tao et al. [2] that explained the main degradation of the silk fibroin comes 

from the destruction and dissolution of a portion of covalent bonds and secondary bonds. 
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Therefore, by comparison, the molecular degradation was caused by degumming and 

dissolving A. pernyi fiber with LiSCN, not due to our dialysis process. Recovery rate of 

A. pernyi fibroin was 50.5 ±4.0 % (N =10) which was calculated from the final 

concentration of A. pernyi fibroin aqueous solutions by the amount of the degummed A. 

pernyi fibroin fibers at dissolving. We infer the high molecular weight of A. pernyi fibroin 

molecules are cleaved by degumming and dissolving treatment and removed during 

dialysis process.  

 

 

 

 

 

 

 

 

 

 

 

FFig. 1. SDS-PAGE results of A. pernyi fibroin in aqueous solution prepared by our 
dialysis process. Lanes A, B and C present the A. pernyi fibroin samples applied at 2 μL, 

4μL and 6μL respectively. Lane M indicates the molecular weight marker. 
 

3.2 Gelation of A. pernyi aqueous solution 
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Gelation ability of the A. pernyi aqueous solution is important to make A. pernyi 

materials such as film, sponge, and nanofiber by self-assembly process. The gelation 

times of the A. pernyi aqueous solution prepared by our improved dialysis process at 5 

and 1 wt% concentrations were evaluated at 4, 25, 37, and 50 , and the results were 

summarized in Table 1. No gelation was observed in 4  condition for more than two 

months. This result indicates that our A. pernyi aqueous solution is stable without 

gelation in a refrigerator. The gelation time became shorter with the increase of 

temperature and of the concentration. Yan et al., reported the gelation behaviour of A. 

pernyi aqueous solution prepared by dissolving with melted Ca(NO3)2 followed the 

typical dialysis process against water, and presented decreasing the gelation time by 

increasing temperature and concentration [3]. The results shown in Table 3 are similar 

with them. They also reported the influence of Ca2+ on gelation and presented that 

addition of 5 mM Ca2+ led to the decrease of the gelation time but more than 10mM Ca2+ 

resulted in prolonging the gelation time. As mentioned above, our A. pernyi fibroin 

molecules incorporated with 260 ppm of Ca2+ ion during the dialysis process and the 

amount of Ca2+ are comparable with the 6.5 mM concentration. Therefore, while Ca2+ 

ions incorporated in molecules will prevent self-aggregation at low temperature as 

mentioned above, the molecular mobility will become more active at higher temperature 

and will increase the opportunity for the PAB domains to have inter and intra contact 

and will result in molecular aggregation by overcoming the Ca2+ repulsive effect. This 
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result indicates our A. pernyi aqueous solution can be fabricated into water insoluble 

materials by temperature control. 

 

TTable 1. Gelation time of A. pernyi aqueous solutions at different temperatures. *: No 
gelation for more than 2 months 

 5wt% 10wt% 
T°C Time 

(min) 
Time 
(min) 

4 -* -* 

25 240 300 

37 45 30 

50 5 5 
 

 

3.3 Role of CaCl2 for delaying gelation 

 

The addition of CaCl2 to the dialysis solution at the beginning process was effective 

for the preparation of A. pernyi aqueous solution with stability and reproducibility. To 

investigate the role of CaCl2, the amount of Ca2+ ions in the A. pernyi aqueous solution 

was determined by ICP measurement. 260 ppm of Ca2+ ion existed in the solution. 25 

mM CaCl2 was used in the dialysis solution and the dialysis solution was changed to 

pure water by a change total of four times. The volume ratio of A. pernyi solution and 

dialysis solution was 1:150 for each time. Based on these conditions, the theoretical 

amount of Ca2+ ions which should be presented in the A. pernyi aqueous solution, can 

calculate to be 5.47 x 10-5 ppm. This result indicates the amount of Ca2+ ions that was 
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existing into the A. pernyi molecules. The amino acid sequence of A. pernyi is expected 

to consist repeating motifs, which is the tandemly joined domains containing the 

polyalanine block (PAB) and the nonpolyalanine block (NPAB) [4]. PAB domains have 

a hydrophobic nature and tend to make self-aggregates through hydrophobic 

interactions in water, and NPAB shows relatively hydrophilic nature and present many 

acidic amino acids like aspartic acid. Ca2+ ions can bind to the acidic amino acid residues 

in the NPAB through ionic interaction and will make A. pernyi molecules a high charge 

density. An electrical repulsive force by the additional charge at NPAB may prevent the 

self-aggregation at PAB resulting among the A. pernyi molecules in water. 

 

44. Conclusions 

 

 Characteristics of A. pernyi fibroin in the aqueous solution prepared by our new 

process were determined. Decrease of molecular weight and the molecular weight 

distributions were observed on our A. pernyi fibroin, but the results were similar with 

those of A. pernyi fibroin reported in pervious literatures. We found Ca2+ molecules 

incorporated in our A. pernyi fibroin at 260 ppm concentration. The gelation of the A. 

pernyi fibroin aqueous solution occurred by raising the temperature. This result 

indicates that our A. pernyi fibroin aqueous solution can be used for fabrication of A. 

pernyi fibroin materials.   
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CChapter 4: Characterization of Antheraea pernyi fibroin films from the aqueous solution 

prepared by an improved process. 

 

1. Introduction 

 

Wild silks are studied since many years to aim at the development of medical 

materials, especially cells scaffold for tissue engineering in regenerative medicine. The 

normal silk, Bombyx mori (B.mori), is the most used nowadays because of its strong 

biocompatibility with cells and its easy processing [1, 2]. The B. mori is non-toxic and 

allows mammal cells to adhere and proliferate. Already used as suture [3], it keeps 

giving new possibilities for clinical treatments and is used as biomedical materials such 

as controlled drug release carriers or repair materials for bones, ligament and so on. In 

comparison, wild silks such as Antheraea pernyi offer the same properties but thanks 

to its Arg-Gly-Asp (RGD) tripeptide sequence [4] in its molecule, its fibroin offers an 

enhancement of cell adhesion and proliferation. This sequence can bind to integrin 

receptors in cell membrane and facilitate adhesion of cells [1, 5 - 6]. Reports have shown 

its ability to support human bone marrow derived mesenchymal stem cells [7] and 

fibroblast cells [8].  

As described in chapter 2, we can prepare A. pernyi fibroin aqueous solution with 

stability and reproducibility, and in chapter 3, the gelation ability of the A. pernyi fibroin 

aqueous solution was confirmed. The result indicates that the fabrications of A. pernyi 

fibroin from the aqueous solution to various forms can be facilitated by our new process.   
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In this chapter, the properties of the A. pernyi fibroin materials fabricated from the 

process were evaluated for seeking the possibilities of applications of the materials. We 

especially focused on the surface properties of our A. pernyi fibroin film coated on 

substrate aimed to be used as a biomaterial for cell scaffold in tissue engineering. 

Surface morphology was observed by AFM and the physicochemical properties were 

determined by contact angle and zeta potential measurements. Cell compatibility was 

evaluated by cell adhesion and proliferation test, and cell mobility was determined by 

time laps experiment. The results obtained in our A. pernyi fibroin film from the 

aqueous solution prepared by our new process were compared with the results in the 

published papers when possible. 
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22. Materials and Methods 

 

2.1 Preparation of A. pernyi fibroin aqueous solution 

 

A. pernyi silkworms were bred at the farm of Shinshu University, Ueda, and the 

collected and stored cocoons were supplied. The cocoons were cut in small pieces and 

degummed with 2.5 w/v% Na2CO3 solution at 95-98 °C for 30 min, and then washed 

three times with hot water and dried at 50 °C overnight. This process was repeated 

three times. The then degummed fibers were dissolved in 15 M lithium thiocyanate 

(LiSCN, Wako pure chemical Co. Ltd., Japan) at 45 °C for 1h in a water bath. They were 

then dialyzed following the previously reported process [10].  

B. mori fibroin was prepared by degumming one time in 0.02 M NaHCO3 solution 

at 95-98 °C for 30 min and washed three times with 90 °C pure water and air dried 

overnight. The fibers were then dissolved in 9.0 M LiBr and dialysis against pure water 

for three days. 

The concentration of the aqueous solutions was determined by weighting the 

remaining solid after drying the solution. 

 

2.2 Coating  

 

2.2.1 Surface analysis. 
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The A. pernyi fibroin aqueous solution was coated on glass disks (Ø 15 mm, 

Matsunami co. Ltd., Tokyo, Japan) for contact angle, zeta-potential, AFM, and FT-IR 

measurements. Coating was performed by dipping the aqueous solution at a 

concentration of 10 mg/mL for 30 minutes and drying overnight at room temperature. 

To evaluate the effect of methanol treatment, the coated glass disks were immersed in 

80% methanol solution for 30 minutes and dried at room temperature to prevent the 

formation of gel due to the low temperature stability of the solution [10].  

 

22.2.2 Cell culture. 

 

1 w/v% of A. pernyi fibroin aqueous solution was coated on the surface of the culture 

plate (24 wells culture dish, TPP AG, Switzerland) for 30 minutes. Then the solution 

was removed, and the coated plates were dried overnight at 4 °C to prevent a complete 

gelation of the aqueous solution. The coated A. pernyi fibroin was insolubilized by 80% 

methanol treatment and sterilized by 70% ethanol before cell culture test. 

 

2.3 Analytical methods 

 

The structures of the coated A. pernyi fibroin were examined by Fourier Transform 

Infrared Spectrometer with Attenuated Total Reflection apparatus (ATR-FTIR, IRT-

Tracer-100, Shimadzu, JAPAN), and the surface morphology was observed by Scanning 

Probe Micrograph (SFT-3500, Shimadzu, JAPAN). The hydrophobicity of the coated 
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surface was measured by contact angle (VCA Optima-XE, AST-products, USA). The 

contact angles were taken by 30 FPS video recording and determined by extrapolation 

to zero time from the data.  The zeta potential of the coated A. pernyi fibroin was taken 

by an Electrophoretic Light Scattering Spectrophotometer (Photal LEZA-600, Otsuka, 

JAPAN) at pH 3  to 9.  

 

22.4 Cell NIH3T3 

 

NIH3T3 cells used for cell culture test were obtained from Riken Bioresource 

Center (ID: RCB1862, Riken Bioresource Center, Tsukuba, Japan). 

Cell adhesion test on the coated A. pernyi fibroin was performed as follows. 50 000 

cells/mL/well were seeded on each sample and incubated for 3 hours at 37 °C and 5 % 

CO2. After incubation, each well was rinsed by PBS for removing non-adhered cells and 

then 0.5% Triton X-100/PBS solution was added for cell number counting by LDH 

activity measurement. 

Cell proliferation test on the coated A. pernyi fibroin was performed as follows. 5,000 

cells/mL /well were seeded on each sample and incubated at 37 °C and 5 % CO2. After 

1, 3, 5, and 7 days of incubation, PBS rinsing and addition of Triton X-100/PBS were 

performed as same as cell adhesion test described above for cell number counting on 

each culture day.  

The number of cells was determined by LDH activity measurement method [11]. 

Briefly, the LDH activity from cell lysate in Triton-X 100/PBS solution was measured 
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by NADH consumption using the change of the optical density at 340 nm. The cell 

number was calculated by calibration data using LDH activity against the known cell 

number. 

Cell mobility on the coated A. pernyi fibroin was measured by time laps observation 

at the initial culture. Cells were seeded on a glass bottom dish (35mm Ø, Greiner, 

Germany) and cultured at 37 °C and 5 % CO2. During culture, photos were taken on 

every 5 min till 15 hours. The cell mileage and speed were calculated using M-TrackJ 

and Image J frame per frame of the obtained video. 

 

33. Results and Discussion 

 

3.1 Structure of A. pernyi fibroin film 

 

Fig  shows Amide I and Amide II regions in the spectrum of A. pernyi fibroin coating 

films on glass disks with and without methanol treatment. From the FTIR 

measurement, no differences between our A pernyi fibroin film before methanol 

treatment and the other films reported previously were observed. A study reported by 

Zuo et al. showed the spectral pattern of the regenerated A. pernyi fibers prepared with 

LiSCN, and peaks at 1654 and 1541 cm-1, attributed to the α-helix conformation, along 

with a band at 1515 cm-1 for the β-sheet conformation were presented [12]. Li et al. 

showed a FTIR spectra of prepared regenerated film of A. pernyi prepared with LiSCN. 

Its graph showed peaks at 1655 and 1543 cm-1 for the α-helix conformation [13]. In 
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Figure 1, the peak at 1650 cm-1 attributed as α-helix and random coil in the spectrum of 

without methanol treatment was shifted to 1625 cm-1 as β-sheet conformation after 

methanol treatment. The peak shift by methanol treatment is typical result for B. mori 

and A. pernyi fibroin [13 - 16]. Therefore, the secondary structure of our A. pernyi fibroin 

film are similar with that of A. pernyi fibroin materials prepared by typical dialysis 

process in reported studies [17].  

Several Ca2+ ions were incorporated into our A. pernyi fibroin molecules during the 

new dialysis process as reported in our previous paper [10], and the amount was 

determined at 260 ppm. The number of Ca2+ ions incorporated in one A. pernyi fibroin 

molecule are calculated and are estimated to be less than 10. So, we infer the Ca2+ ions 

are binding in non-crystal regions containing acidic amino acids, not in crystal regions 

by poly-Ala sequence which are main regions to determine the secondary structures. 

Therefore, this result may also indicate that Ca2+ incorporation into the molecules made 

no influence on the secondary structure of A. pernyi fibroin in the film.   

 

 

 

 

 

 

 

FFig 1. FTIR spectrum of A. pernyi fibroin coating film with/without methanol treatment. 
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33.2 Surface morphology of A. pernyi fibroin film 

 

The morphology of our A. pernyi fibroin coating film on glass disk was observed by 

AFM measurement and the results are shown in Figure 2. Unfortunately, since we 

could not find any other results of AFM images concerning A. pernyi fibroin film in 

published literatures, the AFM image of B. mori fibroin coating film on glass disk was 

observed as the reference. As shown in Figure 2, the surface morphology of our A. pernyi 

fibroin film was different from that of B. mori fibroin film. Rougher shapes were 

observed on our A. pernyi fibroin film surface than on B. mori. The average height of the 

roughness is 18.07 nm ± 4.26 nm and 10.74 nm ± 2.44 nm, respectively. Mandel et al. 

[17] reported the AFM image of Antheraea mylitta, which is in the same family of wild 

silk with Antheraea pernyi and presented the similar globular morphology on the 

surface. The molecular interaction in fibroin of wild silks like A. pernyi and A. mylitta is 

stronger than that of B. mori fibroin. Wild silks fibroin molecules have the repeated poly-

Ala sequences which are the main sequence to form crystal region by �-sheet 

conformation. In the case of B. mori fibroin molecule, the repeated crystal sequence is 

consisted of poly-(Ala-Gly). The binding energy of poly-Ala �-sheet is reported to be 

higher than that of poly-(Ala-Gly) �-sheet [18]. Therefore, we infer the self-aggregation 

process might occur more easily on wild silk fibroin during drying process to fabricate 

film than with B. mori fibroin. The resulting aggregations will construct the globular 

like roughness on A. pernyi fibroin film surface.  
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FFig 2. AFM images of a. A. pernyi fibroin film and b. B. mori fibroin coating film surface 
in the area of 10 μm² 
 

3.3 Contact angle of A. pernyi fibroin film 

 

Surface free energy and surface potential of the substrate are important 

physicochemical properties on interfacial events of the substrates like cell adhesion [19] 

and cell proliferation [11]. Contact angle measurement of our A. pernyi fibroin film was 

performed using water and diiodomethane, and the surface free energy was calculated 

from the contact angle data. The results are summarized in Table 1. For the calculation 

of the surface tension of A. pernyi film , we used following equation of Owens-Wendt 

[20] with the surface tension of water and diiodomethane that assumes that the normal 

surface tension is the sum of its polar and dispersive parts. Therefore, we used the 

constants:  = 72.6, = 21.6 , = 51, and  = 50.8,  =48.5, =2.3 mN/m, for the 

a. b.  
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water and diiodomethane respectively. From the following equation,   and  are 

deducted from the double equation and added to obtain . 

 

Equation:      

 

The reported water contact angle of A. pernyi film are 62.4° ± 1.0° [21]. The result 

of our A. pernyi film indicates a slightly more hydrophilic surface compared with the 

reported A. pernyi film. We deduce the difference in water contact angle might come 

from the Ca2+ ions incorporated in A. pernyi fibroin during the preparation of our new 

dialysis process, because a hydration of Ca2+ could occur on the film surface. The surface 

tension ( ) of our A. pernyi fibroin film was calculated to be 56.2 mN/m (  and  are 

42.2 and 14.0 mN/m, respectively). No data about surface tension of other A. pernyi films 

were published within our database research, but the surface energy of B. mori fibroin 

film from the aqueous solution was reported in 42 mJ/m2 [22].  

 

TTable 1. Physicochemical properties of A. pernyi coating film surface. 

Water contact 
angle (°) 

Diiodomethane 
contact angle 

Surface tension 
(mN/m) 

55.4 ± 2.6 62.4 ± 1.0 56.2 
 

 

3.4 Zeta potential of A. pernyi fibroin film 
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Figure 3 shows the pH dependence of the zeta-potential on the surface of our A. 

pernyi coating films on glass with the zeta-potential of the glass. The zeta-potential of 

our A. pernyi fibroin was 17.10 ± 0.30 mV, 15.93 ± 1.76 mV, -22.52 ± 4.75 mV and -27.39 

± 1.00 mV for pH 3, 5, 7 and 9 respectively. Unfortunately, we couldn’t find any reported 

papers about zeta potential on A. pernyi silk fibroin to be compared with our data. The 

zeta potential of B. mori fibroin film was reported and the data at pH 7 was of the range 

from -24.41 to -31.5 mV [23]. The isoelectric point of both A. pernyi and B. mori fibroin 

is close to 4.5 [24, 25]. Therefore, the electric property of these fibroin surfaces was 

expected to be similar for their zeta-potential measurements. Thus, the zeta-potential 

of A. pernyi fibroin films was assumed at the similar value with B. mori fibroin film. 

However, the zeta-potential of our A. pernyi fibroin film is a negatively lower than that 

of B. mori fibroin. 

 

 

Figure 3. Zeta-potential on the surface of glass and A. pernyi fibroin coating film (N=3) 
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33.5 Cell culture  

 

3.5.1 Cell adhesion and proliferation on A. pernyi film 

 

To evaluate cell compatibility of our A. pernyi fibroin, cell adhesion and proliferation 

test were performed on the coating films. The results of NIH3T3 cell adhesion are 

presented in Figure 4. As shown in Figure 4, the number of adhered cells on A pernyi 

film was significantly higher than B. mori fibroin and TCPS as control. Figure 5 

presented the cell shapes after 280 minutes of cell culture on A. pernyi and B. mori 

fibroin coating film. Clear difference on cell morphology between two substrates were 

observed at this early stage of culture. Cells on the A. pernyi fibroin substrate showed 

spreading shape comparing with cells on B. mori fibroin substrate which showed round 

morphologies. This result indicates that cell can adhere on the A. pernyi fibroin 

preferable than on B. mori fibroin. So, it was confirmed that the RGDS sequence in our 

A. pernyi fibroin can work well to support cell adhesion. Good cell adhesion on A. pernyi 

film have been reported in previous papers [7] thanks to the RGDS sequence in the 

molecule [4]. In the case of our A. pernyi fibroin film prepared by the new process, cell 

adhesion property can keep a good adhesion property even by changing the surface 

physicochemical properties as mentioned above. Figure 6 presents the result of cell 

proliferation test. Cells could proliferate on our A. pernyi fibroin film like on B. mori 

fibroin and TCPS. The shape of cells proliferated from day 1 to day 5 on the substrates 
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are shown in Figure 7. No obvious differences about the cell shapes were observed 

among A. pernyi, B. mori, and TCPS. These results indicate cells can proliferate 

normally on our A. pernyi fibroin substrate. Our A. pernyi fibroin film can promote cell 

adhesion and can support cell proliferation as efficiently as B. mori fibroin and TCPS.   

 

 

 

 

 

 

 

FFig 4. Cell Adhesion on A. pernyi and B. mori fibroin coating film. * significant difference 
(p<0.05) 
 

 

 

 

 

 

 

Fig 5. Comparison of cell morphology after 280 minutes of cell culture on A. pernyi (left) 

and B. mori (right) fibroin coating films. 
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FFig 6. Cell proliferation on A. pernyi and B. mori fibroin coating film. 

 

 

 

 

 

 

 

 

 

 

 

Fig 7. Cell morphology on A. pernyi and B. mori fibroin coating films during cell 

proliferation 
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33.5.2 Cell mobility 

 

Cell mobility will be one of the interesting phenomena of cell behavior. We reported 

highly active cell mobility on B. mori fibroin substrate and the high gene expression 

related with extracellular matrix corresponding to the high cell mobility [26]. The cell 

mobility on A. pernyi and B. mori fibroin substrate at the initial stage of the culture were 

determined and the results are summarized in Table 2. Higher cell mobility on B. mori 

substrate was observed as reported previously. On the contrary, cell mobility on A. 

pernyi substrate decreased to approximately half of that on B. mori substrate. Probably 

the RGDS sequence in A. pernyi fibroin molecules may work to inhibit cell moving 

through the cell adhesion function. The result indicates that a different function on cell 

behaviors from B. mori fibroin can be expected to be provided by our A. pernyi fibroin 

for developing a new biomaterial.  

 

Table 2: Average mileage and speed of cells cultured on A. pernyi and B. mori fibroin 
coating films. 

 Mileage Speed 

A. pernyi 164.13 μm ± 49.99 0.187 μm/min ± 0.06 

B. mori 282.58 μm ± 55.36 0.323 μm/min ± 0.07 

 

4. Conclusions  
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Characterizations of A. pernyi fibroin coating films fabricated from the aqueous 

solution that was prepared by our new process was studied. The secondary structure of 

our A. pernyi fibroin was the same with the reported results by the other papers. The 

roughness of the surface was higher than that of B. mori fibroin film surface by AFM 

observation. More hydrophilic and lower zeta potential was observed on our A. pernyi 

fibroin film than on the reported A. pernyi fibroin film. These physicochemical 

properties are characteristic of our A. pernyi fibroin. Cell adhesion and proliferation on 

our A. pernyi fibroin film was as good as on B. mori fibroin film. However, cell mobility 

on our A. pernyi fibroin film was estimated at the half the speed of B. mori fibroin film. 

These results suggest our A. pernyi fibroin have a possibility to be used as a biomaterial 

with the different characters from B. mori fibroin and A. pernyi fibroin reported 

previously.   
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CChapter 5: Conclusion 

 

In this study, an improved preparation process for A. pernyi fibroin aqueous 

solution with stability and reproducibility was established successfully. This new 

process included a fine controlled dialysis step with addition of Ca2+ ions, which was 

found by carful examinations of each step in the preparation process. The aqueous 

solution was kept in liquid state without gelation for more than one month in the 

refrigerator. We inferred this stability of A. pernyi fibroin in aqueous solution might 

come from the Ca2+ ions incorporated with the molecules. The Ca2+ ions incorporation 

was found by ICP study. The aqueous solution could turn to gel by raising the 

temperature. This phenomenon is very important to fabricate A. pernyi fibroin to other 

materials. Thus, once the aqueous solution is prepared by the new process, the solution 

can store till further use in the refrigerator, and desired materials are manufactured by 

only raising temperature without any harmful regents. Actually, we demonstrated to 

fabricate the coating film using the A. pernyi aqueous solution in this study (in chapter 

3). The secondary structure of A. pernyi fibroin in the film is the same as that of 

previously reported A. pernyi film. And the similar surface morphology of the film with 

A. mylitta fibroin film. These results indicate that the aqueous solution can be used for 

making A. pernyi coating material. Evaluation of cell culture on the coating film 

revealed no toxicity and good cell adhesion and proliferation. A. pernyi fibroin in the 

aqueous solution can be expected as a medical material like tissue engineering scaffold 

with biocompatibility. 
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This study gives great perspective for future application of this A. pernyi fibroin 

solution to be used in the medical field. There are still researches to do on the different 

scaffolds that are possible to make of this solution such as sponges or nanofibers. 



67 
 

 

 

 

 

 

 

 

 

 

CChapter 6: Accomplishments 

 

 

 

 

 

 

 

  



68 
 

11. Journal of publications 

 

[1] SS. Rozet and Y. Tamada, (in press): An improved process for stably preparing of 
Antheraea pernyi fibroin aqueous solution, Journal of Silk Science and Technology of 
Japan, 27 ((in press). 

[2] S. Rozet, H. Kobayashi, Z. Kajiura and Y. Tamada: Characterization of Antheraea 
pernyi fibroin films from the aqueous solution prepared by an improved process, Journal 
of Silk Science and Technology of Japan, UUnder review. 

[3] Rebia, R. A., RRozet, S., Tamada, Y., & Tanaka, T. (2018): Biodegradable PHBH/PVA 
blend nanofibers: Fabrication, characterization, in vitro degradation, and in vitro 
biocompatibility. Polymer Degradation and Stability, 154, 124-136. 

[4] Kharaghani, D., Khan, M., Shahzad, A., Inoue, Y., Yamamoto, T., RRozet, S., Tamada, 
Y., & Kim, I. (2018). Preparation and In-Vitro Assessment of Hierarchal Organized 
Antibacterial Breath Mask Based on Polyacrylonitrile/Silver (PAN/AgNPs) Nanofiber. 

Nanomaterials, 8 (7), 461. 

[5] Ke MA, SSélène Rozet, Yasushi Tamada, Juming Yao and Qing-Qing Ni (2018), 
Multi-layer nanofibrous tubes with dual drug-release profiles for vascular graft 

engineering, Journal of Drug Delivery Science and Technology. UUnder revision. 

 

2. Conferences 

 

[1] SSélène Rozet, Mizuki Sasaki, Chisaki Watanabe, Zenta Kajiura and Yasushi 
Tamada, Cell behavior on Bombyx Mori silk fibroin mixed with Antheraea pernyi silk 

fibroin, The 24th International Congress on Sericulture and Silk Industry, Bangkok, 
Thailand, 2016. 



69 
 

[2] SSélène Rozet, Mizuki Sasaki, Chisaki Watanabe, Zenta Kajiura, and Yasushi 
Tamada, Cell behaviors on wild silks, A. pernyi and A. Yamamai, comparing with 

Bombyx Mori silk. The 9th International Silk Conference, China, 2016. 

[3] SSélène Rozet, Ayano Kamiya and Yasushi Tamada, Preparation and 
characterization of A. pernyi fibroin aqueous solution, The Japanese Society of Silk 

Science and Technology, Tsukuba, Japan, 2017. 

[4] SSélène Rozet, Ayano Kamiya, Yasushi Tamada and Zenta Kajiura, Preparation of 
wild silk (A. pernyi) fibroin aqueous solution and fabrication of wild silk materials, 
Advanced Material World Congress, Singapore, 2018. 

[5] SSélène Rozet, Yasushi Tamada and Hisatoshi Kobayashi, Fabrication of A. pernyi 
fibroin materials from the aqueous solution, The Japanese Society of Silk Science and 
Technology, Kiryu, Japan, 2018. 

 

3. Awards 

 

[1] Outstanding Papers Competition, Cell behaviors on wild silks, A. pernyi and A. 
yamamai comparing with Bombyx mori silk, the 9th International Silk Conference, 2016, 

China. 

[2] Best Oral Presentation Award, Preparation of wild silk fibroin aqueous solution for 

the fabrication of wild silk materials, Advancement Materials World Congress, 2018, 

Singapore 

 

 



70 
 

 

 

 

 

 

 

 

 

 

CChapter 7: Acknowledgements 

 

 

 

 

 

 

 

  



71 
 

AAcknowledgment 

 

Firstly, I would like to express my sincere gratitude to my advisor Prof. Y. Tamada 

for the continuous support of my Ph.D study and related research, for his patience, 

motivation, and immense knowledge. His guidance helped me in all the time of research 

and writing of this thesis. I could not have imagined having a better advisor and mentor 

for my Ph.D study. 

Also, I would like to thank the rest of my thesis committee: Prof. Kobayashi from 

NIMS institution, who provided me an opportunity to have access to the laboratory and 

research facilities. Without this precious support it would not be possible to conduct this 

research. My sincere thanks also go Prof. Z. Kajiura for providing the base of this 

research and Prof. H. Moriwaki for being my tutor and helping me in cases of hardships.  

Other thanks go to the Soroptimist group for their scholarship that made me able 

to pursue my study and gave me acknowledgement. 

I thank my fellow lab mates in for the stimulating discussions, the teaching of 

Japanese and Japanese culture. Also, I thank my friend and former PhD student, Miss 

Peiffer thanks to whom I felt home in Japan and her guidance from her own experience.  

Last but not the least, I would like to thank my family and my partner, for 

supporting me spiritually throughout writing this thesis and my life in general. 

 


