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CChapter 1: General introduction 

1. Silk fibroin and regenerated materials

Silk is a well described natural fiber obtained from silkworms and spiders and has 

been used in textile industries due to its luster and excellent mechanical properties [1]. 

Silk protein are produced as a cocoon by silkworms are classified into two general groups: 

domestic type (Bombyx mori) and wild type (Antheraea pernyi etc.) silkworms [1, 2]. Silk 

cocoons filaments from the silkworm cocoon consists of hydrophobic fibroin (SF) and 

hydrophilic sericin. 

The domesticated silkworm (B. mori) SF fibers are about 10-25 μm in diameter and 

consist of two proteins: a light chain (~25 kDa) and heavy chain (~400 kDa) which are 

present in a 1:1 ratio and linked by a single disulfide bond [1]. These proteins are coated 

with sericin (20–310 kDa) [1]. The disulfide linkage between the Cys-c20 (twentieth 

residue from the carboxyl terminus) of the heavy chain and Cys-172 of the light chain 

holds the fibroin together and a 25 kDa glycoprotein, named P25, is noncovalently linked 

to these proteins [1]. 

SF fiber can be extracted from cocoon by boiling silk cocoons in an alkaline solution. 

Twenty five to thirty percent of the silk cocoon mass is sericin which is removed during 

degumming process [3]. Degumming is the first step in silk fibroin processing. To prepare 

silk solution for regenerated different silk fibroin materials, concentrated aqueous 

solutions of LiBr [4], CaCl2 [5], LiSCN [6] and ionic liquid [7] are commonly used for 

dissolving of SF fiber. The SF aqueous solution can be produced through dialysis process 

of above SF solutions [4]. Regenerated SF materials such as film [8], hydrogel [9], 3-D 

sponge [10] and electrospun SF nanofiber non-woven fabric [11] are formed by SF 
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aqueous solution or SF organic solutions (Table1.). 

Regenerated SF materials has been extensively studied as one of the promising 

materials for tissue engineering applications such as cell scaffold, cartilage regeneration 

and artificial blood vessel and so on, because it has several biological properties including 

good biocompatibility, biodegradability, minimal inflammatory reaction, and mechanical 

properties [26-29]. 

TTable.1 Different form of regenerated SF materials and applications. 
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22. Electrospinning technology

Electrospinning is a one of the fabrication method of fibers with diameters ranging 

from 10 nm to several micrometers using polymer solutions of both natural and synthetic 

polymers [30]. In the electrospinning process, a high voltage is applied to create and 

electrically charged jet of polymer solution. The polymer jet are collected on a ground as 

a non-woven fabric. 

The typical electrospinning setup and SEM image of nanofiber fabric are shown in 

Fig.1. Basically, an electrospinning setup consists of three major components: a high 

voltage supplier, a syringe with needle and a grounded fiber collector (flat plate or 

rotating drum). The polymer solution is applied into a syringe which is equipped with a 

piston and a stainless steel needle serving as electrode and pushed by a pump with a 

defined flow rate. The needle is connected with the high voltage (10 to 50 kv) to the 

polymer solution. The polymer solution held by its surface tension at the end of a needle 

is subjected to an electric field and an electric charge is induced on the polymer solution 

surface. When the electric charge applied on the polymer solution reaches a critical value, 

the repulsive electrical force overcome the surface tension of polymer solution. Finally, 

the charged polymer jet is ejected from the tip of the Taylor cone and unstable and a 

rapid whipping of the jet occurs in the space between the tip and collector which leads to 

evaporation of the polymer solvent. 

The production of nanofiber by the electrospinning process is influenced by the 

spinning solution parameters (concentration and viscosity of polymer solution, molecular 

weight, surface tension, and conductivity), processing conditions (applied voltage, flow 

rate, and needle to collector distance), and ambient environment (temperature and 

humidity) [30]. The collector can be made in any shape according to the requirements, 



5 

such as rotating drum, flat plate, and parallel plate [31]. 

FFig.1. Electrospinning set up and SEM image of electrospun nanofiber non-woven fabric 
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33. Electrospun SF nanofiber non-woven fabrics

Electrospun SF nanofiber non-woven fabric has been extensively studied as one of 

the promising materials for tissue engineering due to its good biocompatibility, 

biodegradability, minimal inflammatory reaction and large surface area to volume [1, 11, 

30]. These properties of SF nanofiber non-woven fabric and their potential have 

generated an interest in SF form various type of silkworm cocoons [11], spider dragline 

silk [32] and recombinant hybrid silk like polymers [33]. 

The relationship between type of silkworm cocoons, SF concentration, solvent, fiber 

diameter and mechanical properties of SF nanofiber non-woven fabrics had been 

discussed in many studies [11, 34-55]. The related parameters for electrospinning of silk 

fibroin are summarized in Table.2. 

Table.2. Preparation conditions of SF spinning solution for electrospinning. 
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In 1998, Zarkoob et al. [56] were the first to report that SF nanofiber non-woven 

fabrics from Bombyx mori silk cocoon and spider dragline silk from N. clavipes can be 

electrospun into nanofiber fabrics with hecafluoro propanol (HFIP) as a solvent. Ohgo. 

[34] et al. demonstrated that the relationship between fiber characteristics and spinning 

solution in hexafluoroacetone (HFA) from Bombyx mori SF and Samia Cynthia ricini. 

Afterwards, Sukigara et al. [57-59] reported that the effect of electrospinning parameters 

(applied voltage, needle-to-collector distance and SF concentration) on the morphology 

and fiber diameter of SF nanofiber non-woven fabrics from Bombyx mori using formic 

acid as a solvent and found that the SF concentration is the most important factor in 

producing uniform fibers less than 100 nm in diameter.  

 

44. Functionalized SF materials  

In recent years, organic-inorganic composite materials have gained considerable 

attention because they exhibit properties that are significantly different to the 

corresponding bulk materials, such as high strength, improved thermal properties and 

enhanced surface reactivity [60-62].  

SF-silica particles were reportedly produced by combining SF with silica particles 

and have been used as an osteoinductive composite for bone regeneration [63]. Another 

SF-silica composite was prepared by sol–gel crosslinking, and the silica particles were 

bound to the fibroin, resulting in improved thermal properties in differential scanning 

calorimetry patterns compared with SF [64]. 

Montmorillonite (MMT) clay is one of the most used for preparation of polymer 

nanocomposites. Polymer-MMT nanocomposites are known to have high strength, 

thermal properties and barrier properties for gases [61]. On the other hand, MMT has 
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been recently used in bone tissue engineering, because MMT is a biocompatible, bio-

active and osteoinductive inorganic mineral with large surface area to volume [64, 65]. 

Mieszawska et al. [65] fabricated SF-MMT composite film by casting method. They 

reported that the SF-MMT composite film supported the attachment, proliferation and 

osteogenic differentiation of human bone marrow derived mesenchymal stem cells 

(hMSCs). Therefore, the electrospun SF nanofiber non-woven fabric-MMT composite 

material is expected to be a candidate for the producing new composite materials for 

tissue engineering like bone regeneration due to its biocompatibility, osteoinductivity 

and large surface area to volume. 

55. Technical issues in preparation conditions of SF spinning solution for electrospinning

Electrospun SF nanofiber non-woven fabrics are used in various fields such as 

biomedical applications. However, harsh solvents have been employed on the 

electrospinning of SF such as formic acid, HFIP, HFA and trifluoroacetic acid. Jin et al. 

[44] firstly reported that the electrospinning of SF aqueous solution with poly-(ethylene 

oxide) (PEO) with high molecular weight (900,000g/mol) and attained uniform 

nanofibers but this technique involved the use of PEO which might have affected the 

mechanical properties and biocompatibility of SF nanofiber non-woven fabric. And, a 

complicated process to remove the PEO after electrospinning is required. However, it 

will be difficult to confirm the lack of existence of residual PEO in the SF nanofibers. To 

solve these problems, researches [39-43] have successfully fabricated SF nanofiber non-

woven fabrics from only SF aqueous solution of Bombyx mori silk fibroin. They 

electrospun to produce nanofiber fabric using concentrated SF aqueous solution (17wt% 

<). Such high concentrations are disadvantageous for industrial processing because high 
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concentrated SF aqueous solution transform into gel easily than low concentration by 

interactions including hydrophobic interactions and hydrogen bonds [66]. Therefore, the 

electrospinning of SF aqueous solution at low concentration is ideal process for 

preparation of SF nanofiber non-woven fabrics. 

On the other hand, reinforcement of electrospun SF nanofiber non-woven fabrics have 

been studied because its mechanical properties is low. Kim et al. [67] and Pan et al. [68] 

fabricated SF/hydroxyapatite nanoparticles composite nanofiber non-woven fabric and 

SF/carbon nanotube composite nanofiber non-woven fabrics respectively. They reported 

that the tensile strength of electrospun SF nanofiber non-woven fabrics were improved. 

Gandhi et al. [69], Ayutsede et al. [47] and Wei et al. [70] succeeded in enhancing the 

young modulus of electrospun SF nanofiber non-woven fabrics by incorporating of carbon 

nanotubes in SF spinning solutions. It is presumed that the poor mechanical properties 

of electrospun SF nanofiber non-woven fabric is caused by degradation of SF molecules 

during degumming process of cocoons [71, 72]. Theoretically, the mechanical properties 

of SF nanofiber non-woven fabric can be improved when the molecular weight of SF is 

higher, while lower limit concentration of SF aqueous solution for electrospinning will 

become lower. 
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66. Wet electrospun three dimensional nanofiber non-woven fabric

Many researches on an artificial scaffold have been focused on mimicking 

extracellular matrix (ECM) structure and various techniques to fabricate such a scaffold 

have been attempted. In generally, the freeze-drying and salt leaching methods are 

widely used because they are very simple to make the three dimensional porous 

structure [10, 18, 19, 73], but the structure is not similar to that of real natural ECM. 

The electrospun nanofiber fabric offers a highly porous structure as well as large surface 

area, a similar structural environment to the natural ECM to seeded cells [30]. However 

the size of pores and the porosity in the electrospun nanofiber fabric is very low due to 

the random deposition of nanofibers on the dry flat plate or rotating drum surface during 

the electrospinning. Such small pore size and low small porosity are not suitable for 

seeded cells to migrate into direction of thickness of nanofiber fabrics. Theoretically, 

three dimensional nanofiber fabric can be fabricated when the spinning time is increased. 

However, the porosity is still low even to increase the spinning time and the 

accumulation of the nanofibers have a limitation because the ability to continuously 

deposit nanofibers onto a three dimensional nanofiber fabric is hindered by the reduced 

conductivity of the grounded collector. 

Yokoyama et al [74] and Ki et al [75, 76] have successfully developed a sponge like 

three dimensional nanofiber non-woven fabric using a modified electrospinning method 

(wet electrospinning). The wet electrospinning was equipped a liquid bath filled with 

poor solvent of spinning polymer instead of dry flat plate or rotating drum as a fiber 

collector. The relationship between solutions for the liquid bath in wet electrospinning 

and properties of the three dimensional non-woven fabric are summarized in table.3. 

Ki et al. and Baek et al. [75-77] reported that the cell compatibility of wet electrospun 
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three dimensional SF fabric. As a results of cell adhesion and proliferation test of 

fibroblast cells, it was confirmed that the seeded cells were well proliferated in inner 

space of three dimensional SF nanofiber non-woven fabric because the structural 

features foam and its structural similarity ECM. However, they used formic acid and 

methanol as solvent of SF solution and liquid bath. Formic acid and methanol are 

harmful to living organisms and are hazardous during fabrication. These reagents are 

better to be avoided when producing medical materials such as cell scaffold. Therefore, 

fabrication of wet electrospun SF nanofiber non-woven fabric using SF aqueous solution 

and water based liquid bath is ideal processing for three dimensional tissue regeneration. 

TTable.3 Preparation conditions of wet electrospinning and properties of wet electrospun 
nanofiber fabrics. 
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77. The purpose of study

In this study, I attempted to develop the SF nanofiber non-woven fabric scaffolds 

using electrospinning method for regenerative medical application with three major 

purpose. 

First, development of new osteoinductive composite materials of SF nanofiber non-

woven fabric and montmorillonite (MMT) for bone tissue engineering. 

Second, development of electrospun SF nanofiber non-woven fabric using all SF 

aqueous solution at low concentration without water soluble polymer like PEO. 

Third, development of three dimensional high porous SF nanofiber non-woven fabric 

using water based wet electrospinning technique for three dimensional tissue 

regeneration. 
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CChapter 2: Nanocomposite of silk fibroin nanofiber and montmorillonite: 
Fabrication and morphology 

Abstract 

The purpose of our research is creating a new nanocomposite material. 

Generally silk fibroin (SF) is regarded as a promising base material for 

biomedical uses. The incorporation of montmorillonite (MMT) into SF fibers 

would improve physical properties of the SF fibers. We investigated a new 

method of combining electospun SF with MMT. Specifically, electrospun silk 

nanofibers were treated with methanol and dipped in a MMT suspension. We 

could obtain a nanosheet composite of silk nanofibers and MMT. Their 

ultrastructures were successfully visualized by high resolution transmission 

electron microscopy. This compound was comprised of individual silk 

nanofibers surrounded by thin layers of MMT, each with a thickness of about 

1.2 nm. This structure was confirmed by elemental analysis. We also 

performed IR, NMR and X-ray diffraction analyses in conjunction with 

morphological data. Conclusively we obtained a new composite of silk 

nanofiber and MMT, which has never been reported. Using this unique 

nanocomposite biological tests of its application for a scaffold for tissue 

engineering are under way. 
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11. Introduction

Silk fibroin (SF) has attracted significant attention in the development of 

new materials, because SF is a biodegradable and biocompatible natural 

polymer with a high chemical reactivity and excellent mechanical properties 

[1]. SF can be electrospun to fabricate a non-woven sheet composed of 

nanoscale fibers. Therefore, electrospun SF is expected to be a candidate for 

the manufacturing new organic/inorganic nanohybrid materials with 

advanced structures and properties. 

In recent years, nanomaterials have gained considerable attention because 

they exhibit properties that are significantly different to the corresponding 

bulk materials, such as large surface area, high strength, and enhanced 

surface reactivity [2]. In this study, we combined electrospun SF with a silica 

compound of montmorillonite (MMT) clay to produce silk/silica materials. 

Other silk/silica particles were reportedly produced by combining SF with 

silica particles, and have been used as an osteoinductive composite for bone 

generation [3]. Another silk/silica complex was prepared by sol–gel 

crosslinking, and the silica particles were bound to the fibroin, resulting in 

improved thermal properties in differential scanning calorimetry patterns 

compared with SF [4]. 

This communication deals with our research in creating new 

nanoSF/MMT composites by use of a simple method. The product had an 

interesting nanostructure, in which the SF nanofibers and thin MMT were 

combined in a unique way. We investigated this nanostructure by high-
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resolution transmission electron microscopy (TEM). We also performed IR, 

NMR and X-ray diffraction analyses in conjunction with morphological data. 

This nanocomposite is a candidate for new biocompatible application as 

scaffold for tissue engineering like bone regeneration, because the composite 

contains biodegradable silk and osteoinductive MMT [3] and moreover the 

composite nanofiber may be advantageous scaffold in cell culture due to high 

surface area [5]. 
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22. Materials and methods

2.1. Materials 

Cocoons of Bombyx mori silkworm silk were used for the preparation of SF 

nanofiber. SF was extracted from silk composed of fibroin and sericine, 

according to a previously described method [6]. The cocoons were sliced into 

four pieces and suspended in a boiling 2.5 (w/v) % sodium carbonate solution 

for 30 min to obtain scoured cocoons, which were then washed in running tap 

water for two days. The washed specimens were air-dried, and then further 

dried in an oven at 105 °C for 90 min. SF fibers were dissolved in a 9 M lithium 

bromide solution at 55–60 °C, and then dialyzed through a cellulose 

membrane against distilled water. The aqueous fibroin solution was freeze-

dried to give dry SF powder (regenerated SF). The montmorillonite (MMT) 

used was purchased from Kunimine industries Co. Ltd., Japan (Kunipia F). 

MMT clay is one of the most commonly used layered silicates, with the 

formula Si8 (Al3.34 Mg0.66) Na0.66 (OH)4 and a crystal lattice of octahedral 

sheets [7]. 

2.2. Electrospinning of SF nanofiber 

Silk fibroin (SF) was dissolved in trifluoro acetic acid (TFA) to form a 

uniform polymer solution. The solution was stirred at room temperature for 

3 h. The concentrations of silk/TFA solution were 8, 10 and 12 wt%. An 



26 

electrospinning apparatus manufactured by Kato Tech Company (Kyoto, 

Japan) was used, and was operated at room temperature. The silk/TFA 

solution was placed into 5 mL syringe (SS-01T, Terumo Corporation, Tokyo, 

Japan) with a 21 gauge stainless needle (NN-2238N, Terumo Corporation, 

Tokyo, Japan), which connected the high voltage power supply. The procedure 

used was in basic accordance with that described in a previous paper [8] 

dealing with the fabrication of silk sericine nanofibers in our laboratory. 

During electrospinning, an electric voltage (20–30 kV) was applied to droplets 

of SF/TFA solution. The electrospun nanofibers were collected on wax paper, 

which was placed at a distance of 15 cm from the syringe. 

22.3. Fabrication of nanoSF/MMT composite 

To form a composite of SF nanofibers and MMT, SF nanofibers were 

immersed in pure methanol (WAKO Ltd.) for 15 min, and were then dried at 

room temperature for 24 h. Through methanol treatment, the SF nanofibers 

were transformed from a random coil structure into a β-sheet conformation 

[9]. The SF nanofibers were dipped in an MMT aqueous suspension at 

concentrations of 0.1, 0.5 and 1 wt%, and the products were dried at room 

temperature for 12 h to produce nanoSF/MMT composites. 
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22.4. Characterization 

The morphology of the electrospun SF nanofiber was observed with a 

scanning electron microscope (SEM: JSM-6010LA; JEOL Ltd., Tokyo, Japan) 

at 10 kv after sputter-coating with platinum. And the morphology of the 

nanoSF/MMT composite was observed using field emission SEM (FESEM: 

SU8000 and SU8040; Hitachi HTA, Inc., Tokyo, Japan) at 20 kV and 0.8 kV. 

Cross-sectional samples were Ar-ion milled using a Hitachi IM400 and 

sputter-coated with platinum. Transmission electron microscopy (TEM: JEM-

2100F, JEOL Ltd., Tokyo, Japan) was used to observe the detailed structure 

of the nanoSF/MMT composite. To characterize the fine structure of the 

nanoSF/MMT composite, samples were observed by high resolution TEM 

(JEM-2800; JEOL Ltd., Tokyo, Japan) at 200 kv and analyzed in detail using 

EDS. The EDS data were collected using a JEOL JED-2300T EDS system 

combined with a JEOL JEM-2100F microscope. The bulk material was 

embedded in the resin and then thin sections were cut using a Leica Ultracut 

UCT. 

Fourier transform infrared (FTIR) spectroscopy was performed using a 

Shimadzu FTIR, IR Prestige-21 infrared spectrometer and the ATR method 

(attenuated total reflectance) in the region of 4000–500 cm−1 at room 

temperature. 

X-ray diffraction patterns of the samples were measured with an X-ray 

diffractometer (Rigaku Denki Corporation, Japan), using Cu Kα radiation at 

40 kV, 150 mA, and λ = 0.1542 nm. 
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33. Results and discussion 

 

3.1. Effect of the concentration of SF/TFA solution and applied voltage 

 

The SF nanofiber morphology was strongly influenced by the 

electrospinning conditions [9]. In electrospinning processes, the concentration 

of the polymer solution and the applied voltage are important factors. Fig. 1 

shows SEM images of a specimen produced using an applied voltage of 20 kV. 

When the concentration of SF/TFA was 8 wt%, beads occasionally appeared 

(Fig. 1(a)) in the mat. On the other hand, for a 10 and 12 wt% SF/TFA solution, 

a homogeneous structure without beads was observed (Fig. 1(b) and (c)). 

 

 

 

 

 

 

Fig. 1. SEM images of non-woven silk nanofibers formed at a voltage of 20 kV 
and solution concentrations of (a) 8 wt%, (b) 10 wt% and (c) 12 wt%. 
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The beads probably disappeared because the jet was stabilized by surface 

tension in the presence of adequate electrical forces [2]. Beads were also 

absent when the applied voltage was increased to 30 kV (data not shown). At 

20 kV, SF/TFA solution concentrations of 8, 10 and 12 wt% yielded average 

SF fiber diameters of 118, 214 and 399 nm, respectively. In the present study, 

we produced fibers using a 10 wt% SF/TFA solution under a 20 kV bias, which 

gave fine fibers about 200 nm in diameter, and no bead formation was 

observed (Fig. 1(b)). 

33.2. FT-IR spectra of methanol treated SF nanofiber 

Through methanol treatment, the SF nanofibers were transformed from a 

random coil structure into a β-sheet conformation [9]. Fourier transform 

infrared (FT-IR, IR Prestige-21; Shimadzu, Ltd., Tokyo, Japan) spectroscopy 

was applied to determine the molecular conformation of the SF nanofibers 

(Fig. 2). The FT-IR spectra confirmed the transformation of silk fibroin from 

a random coil structure to a β-sheet conformation in the amide I and II regions. 

The as-spun SF nanofiber had absorption bands at 1651 cm−1 (amid I) and 

1528 cm−1 (amid II), which were attributed to a random coil. On the other 

hand, the methanol treated SF nanofiber showed bands associated with the 

β-sheet conformation at 1623 cm−1(amid I) and 1515 cm−1 (amid II) [9]. By 

methanol treatment, SF nanofiber was insolubilized in water. 
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FFig. 2. FT-IR spectra of the methanol treated SF nanofiber (solid line) and as-
spun SF nanofiber (dashed line). 
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33.3. Preparation of nanoSF/MMT composite 

For preparation of nanoSF/MMT composites, the MMT suspension was 

spread on a sheet of electrospun SF nanofiber. The products obtained, 

however, had irregular surfaces. Alternately we tried dipping of the SF 

nanofiber in an MMT aqueous suspension at 0.1, 0.5 and 1%, and the products 

were dried at room temperature for 12 h to produce nanoSF/MMT composites. 

Fig. 3(a) shows that the obtained film containing SF nanofibers that were 

apparently bonded to the MMT. Here, the concentration of the MMT aqueous 

suspension was 0.5 wt%, but at 0.1 and 1 wt%, the products were basically 

the same (data not shown). By comparison with Fig. 1, it is clear that the 

morphology of the nanofibers was unaltered. The nanoSF/MMT composites in 

sheet form were sliced for cross-sectional viewing (Fig. 3(b)). The fibrous 

structures of the nanoSF/MMT composites were found to be intermingled in 

a sheet about 2.5 μm thick. Individual nanofibers showed a circular cross-

section. 
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FFig.3. FESEM images of nanoSF/MMT composites. The MMT aqueous 
suspension concentration was 0.5 wt%. 
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33.4. TEM morphology of the nanoSF/MMT composite 

TEM was used to observe the detailed structure of this specimen (Fig. 4). As 

indicated by the circle, thin membranes, which were shown to be MMT by 

energy dispersive spectroscopic (EDS) analysis, and were present between the 

SF nanofibers. 

Fig. 4. TEM images of nanoSF/MMT composites at 10,000× magnification. 

From the TEM images shown in Fig. 5, individual SF nanofibers were 

surrounded by a thin MMT layer. Fig. 5(a) shows a TEM image of a cross 

section of a nanofiber. It can be seen that it is not a perfect circle, but is 

distorted, probably as an artifact of the slicing process. In Fig. 5(b), at a 

magnification of 200 K, a layered architecture is observed. To confirm the 

presence of MMT, TEM-EDS mapping was carried out, as shown in Fig. 5(c)–

(g). The EDS mapping results indicated that O, Al, Si and Mg atoms, which 



34 
 

are constituent elements of MMT, were distributed on the surface of the SF 

nanofiber. Therefore, nanoSF/MMT composites were successfully synthesized 

via dipping in an MMT suspension. 

 

 

 

 

 

 

 

 

 

 

FFig. 5. Cross-sectional TEM images and energy dispersive spectroscopy (EDS) 
maps of silk nanofiber/MMT nanocomposites. (a) 50,000× magnification and 
(b) 200,000× magnification. (c)–(g) show EDS mapping data for oxygen, 
aluminum, silicon, and magnesium, respectively, for the region shown in (c). 
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The above results clearly revealed the detailed morphology of these 

nanoSF/MMT composites. This is the first successful creation of a new 

composite in which SF nanofibers are surrounded by thin layers of MMT, each 

with a thickness of approximately 1.2 nm. 

33.5. FTIR ATR, NMR and XRD analyses of the nanoSF/MMT composites 

FTIR ATR profiles of SF nanofibers, pristine MMT and nanoSF/MMT 

composites indicated no chemical interaction between SF nanofiber and MMT 

in the composite formation (FTIR ATR is shown in Fig. S1 in Supplementary 

Data). Solid-state 13C NMR spectroscopies of SF nanofiber and pristine MMT 

provided the same pattern, indicating MMT did not react with SF nanofiber 

as shown in Fig. S3 in Supplementary Data. 

Fig. 6 displays XRD patterns of pristine MMT and nanoSF/MMT 

composites. The pristine MMT clay generated primary peak at 2θ = 6.8°. 

According to Bragg equation, the spacing of the pristine MMT was calculated 

to be 1.3 nm. In the composite, this peak shifted to 5.4°, corresponding to a 

spacing of 1.6 nm, which is broader than that of pristine MMT. 
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FFig. 6. XRD patterns of pristine MMT (dashdotted line) and nanoSF/MMT 
composite (continuous line). 

Previously reported silk/MMT clay and silk/clay composites were MMTs 

dispersed in silk protein [10] or silica particles incorporated into silk films or 

bound to SF [3] and [4]. These are quite different from the above mentioned 

novel nanoSF/MMT composites. Their ultrastructures were successfully 

visualized by high resolution transmission electron microscopy. This 

compound was comprised of individual silk nanofibers surrounded by thin 

layers of MMT, each with a thickness of about 1.2 nm. This material is unique 

in that each SF nanofiber is surrounded or protected by MMT layers. It is 

very likely that the surface charge of the silk was altered by covering it with 

a thin layer of MMT. Using this unique nanocomposite biological tests of its 

application for a scaffold for tissue engineering are under way. 
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CChapter 3: Electrospinning of silk fibroin from all aqueous solution at low 
concentration 

Abstract 

Non-woven mats of Bombyx mori silk fibroin were fabricated using 

electrospinning with an all aqueous solution at < 10 wt% without any co-

existing water soluble polymer such as PEO. The fibroin aqueous solution 

electrospinnability was affected by the fibroin molecular weight and the 

spinning solution pH. Hot-water treatment without any alkaline reagent or 

soap produced higher molecular weight fibroin than the typical degumming 

process did. The higher molecular weight fibroin provided good 

electrospinnability. Results show that the basic solution (pH 10–11) is 

important for electrospinning at low concentrations of 5 wt%. Evaluation of 

structural and mechanical properties of the non-woven mat fabricated with 

water solvent revealed that it is safe for use in the human body. It is 

anticipated for wider use in medical materials such as cellular scaffolds for 

tissue engineering. 
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11. Introduction

Silk applications have been expanding beyond textile use [1] and [2]. 

Especially, studies of silk-based materials intended for use as biomaterials 

used in medical applications have attracted a great deal of attention [3] and 

[4]. This interest is attributable to the biocompatibility and mechanical 

advantages of silk, supported by its > 2500 years of use for surgical sutures 

[5]. Moreover, silk fibroin (SF) can be fabricated to various forms such as films, 

gels, resins, and sponges [6]. Recently electrospun non-woven mats consisting 

of fine fibers from tens of nanometers to a few micrometers in diameter have 

been specifically examined for the development of cell scaffolds in tissue 

engineering [7]. SF is also used as the spinning solution for electrospinning 

to produce non-woven mats. Sukigara et al. [8] reported electrospinning of 

Bombyx mori SF in a formic acid solvent and indicated SF concentration as 

the most important parameter when spinning uniform and cylindrical fibers 

of < 100 nm in diameter by controlling various parameters. Zhang et al. [9] 

fabricated SF nanofibers of 50–300 nm diameter using a SF nanofilament 

solution in formic acid from < 10 wt% concentration. Ohgo et al. [10] 

demonstrated that the concentration of silk fibroins in hexafluoroacetone 

(HFA) affected the fiber diameter in a non-woven mat formed by 

electrospinning. Zarkoob et al. [11] presented structures and morphologies of 

SF nanofibers that had been electrospun from hexafluoro isopropanol (HFIP). 

One expected application of the electrospun SF non-woven mats is for 

cellular scaffolds in regenerative medicine [12] and [13]. For medical use, the 
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materials must be safe for cells and living human bodies. Silk's benefits for 

safety naturally derive from both the material itself and its fabrication 

processes. Regarding SF scaffolds, SF has been widely reported as safe and 

biocompatible [14]. Therefore, the security of scaffold safety will depend on 

the solvents and chemical reagents used for fabrication. To prevent risks from 

residual solvents in the scaffold, solvents used for electrospinning must not 

be harmful to cells or the human body. The safest solvent for the human body 

is water. Therefore, several studies have examined the formation of non-

woven mats by electrospinning from an aqueous SF solution. Wang et al. [15] 

fabricated electrospun nanofibers from an all aqueous SF solution. They 

reported that fibers of 400–800 nm diameter were electrospun with 28 w/v% 

solution, but fibers did not form at < 17% solution. Such high concentrations 

are disadvantageous for industrial processing because high concentrated SF 

aqueous solution transform into gel easily than low concentration by 

interactions including hydrophobic interactions and hydrogen bonds [16]. Jin 

et al. [17] developed a poly (ethylene oxide) (PEO) blending technique for 

electrospinning from a low SF aqueous solution (3–7.2 wt/v%) to overcome the 

problem in the SF aqueous process. SF fibers with diameters of around 800 

nm were observed using this PEO blending technique [18]. However, a 

complicated process to remove the PEO after spinning is required. It will be 

difficult to confirm the completely absence of the residual PEO in the non-

woven mat. Furthermore, the influence of the residual PEO on cell adhesion 

and proliferation was reported [19]. 

For this study, we attempted to develop a SF non-woven mat using 
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electrospinning technique with all SF aqueous solutions at low concentration 

with no other blending polymer. To achieve that goal, we reconsidered the 

degumming process and the spinning solution conditions with emphasis on 

pH. Furthermore, the resulting SF non-woven mats were analyzed to 

ascertain their structure and mechanical properties. 
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22. Materials and methods

2.1. Materials 

Bombyx mori silkworm cocoons were generously provided by the 

experimental farm at Shinshu University. Chemical reagents, sodium 

carbonate (Na2CO3), lithium bromide (LiBr), ethanol, methanol, 5 M sodium 

hydroxide (NaOH) solution, and polyethylene glycol (PEG, Mw; 20,000 ± 5000 

Da) were purchased from Wako Pure Chemical Inds. Ltd. (Tokyo, Japan) 

without further purification. Cellulose dialysis membrane tubes (molecular 

weight cut off: 12,000–14,000 Da) were purchased from Kenis Ltd. (Tokyo, 

Japan). 

2.2. Degumming and SF aqueous solution preparation 

Two degumming processes were used to prepare a silk fibroin (SF) aqueous 

solution. According to the typical degumming process reported in the 

literature [13], cocoons were boiled in 0.5 or 2.5 w/v% of Na2CO3 solution for 

30 min at 1:200 of the bath ratio. Then the degummed fibers were washed 

thoroughly in water. Another process is the boiling water process. Cocoons 

were boiled in water with no reagents for a predetermined duration (30–150 

min) at the same bath ratio with Na2CO3 process, followed by washing in 

water by drawing the degummed fibers to strip off the sericin. The degummed 

SF fibers were dried for 1 day at room temperature. After cocoons were boiled 
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in the degumming solution to remove sericin, they were washed with hot 

water and dried at room temperature for 1 day. The dried SF fibers were 

weighted. The degumming ratio was calculated using the following equation. 

 

Therein, W1 and W2 respectively denote the cocoon weight and degummed 

fiber weight. The sample code and degumming conditions are presented in 

Table 1. 

TTable1. Degumming process and degumming ratio. 



45 

The SF aqueous solution was prepared by dissolving 10 g of the dried 

fibroin fibers in 50 mL of 9 M LiBr solution at room temperature for 24 h. 

Then the solution was dialyzed against distilled water for 3 days by 

exchanging dialysis water at every 12 h to remove LiBr salt. The SF aqueous 

solution concentration was determined by weighing the remaining solid after 

drying at 100 °C for 1 h. When the high concentration SF aqueous solution 

was required for electrospinning, the SF aqueous solution was concentrated 

using PEG solution (50 wt%) as the dialysis solution [20]. The pH values of 

the SF aqueous solution was adjusted with 5 M NaOH solution for monitoring 

by pH meter (HI 9811-5N; Hanna Instruments, Chiba, Japan). 

22.3. Electrospinning of SF aqueous solution 

An electrospinning apparatus manufactured by Kato Tech Co. Ltd. (Kyoto, 

Japan) was used. The SF aqueous solution was placed into a 1 mL syringe 

(SS-01T; Terumo Corp., Tokyo, Japan) with a 21 gauge stainless needle (NN-

2238 N; Terumo Corp., Tokyo, Japan) connected to a high voltage power 

supply. During electrospinning, applied voltage at 15 kV was applied to SF 

aqueous solution. The electrospun SF nanofibers were collected on silicon 

coated paper (Asahikasei home products Co., Ltd., Tokyo, Japan) which was 

placed at a distance of 18 cm from the needle. 
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22.4. Insolubilizing of SF non-woven mat 

As-spun electrospun SF non-woven mat was treated with water vapor and 

99.8 vol% methanol to insolubilize it by inducing crystallization of SF [21]. 

Briefly, for water vapor treatment, the as-spun SF non-woven mat was placed 

in a desiccator saturated with distilled water vapor by keeping it at 50 °C in 

an incubator for 10 min. The treated samples were dried at room temperature 

for 24 h. The desiccator humidity was set to 100RH% for monitoring by a 

thermal recorder (TR-77U; T and D Corp., Matsumoto, Japan). For methanol 

treatment, the as-spun SF non-woven mat was immersed in 99.8 vol% 

methanol for 10 min. Then it was dried for 24 h at room temperature. 

2.5. Characterization of SF aqueous solution and SF non-woven mat 

2.5.1. Viscosity measurement 

The SF aqueous solution viscosity was measured at 20 °C using a 

viscometer (SV-A; A and D Co. Ltd., Tokyo, Japan). Share rate and sample 

volume were 150 s− 1 and 10 mL respectively. Three samples of each SF 

aqueous solution were measured, and the results were averaged. 

2.5.2. Gel permeation chromatography (GPC) 

To measure the molecular weight (Mw) distribution of the SF aqueous 
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solution, SF aqueous solutions were diluted to 0.1 wt% with an elution buffer 

(1/15 M pH 7.0 phosphate buffer containing 2 M Urea and 0.1 M Na2SO4). 

The solutions were filtered through a 0.45 μm hydrophilic PTFE membrane 

(Merck KGaA, Darmstadt, Germany). A column (8.0 mm × 300 mm, Shodex 

Protein KW 803; Showa Denko K.K., Tokyo Japan) was used in a high 

performance liquid chromatograph (HPLC) system (Shimadzu Corp., Kyoto, 

Japan) equipped with an SPD-M10A UV–Vis detector. The HPLC was 

operated at a flow rate of 0.5 mL/min at 30 °C. The molecular weight was 

estimated by calibration using a protein molecular standard (thyroglobulin, 

apoferritin, β-amylase, aldolase, alcohol dehydrogenase, conalbumin and 

ovalbumin, Gel Filtration Calibration kit HMW; GE Healthcare Corp., 

Buckinghamshire, UK). 

22.5.3. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

The SF samples in running buffer (Tris-HCl, SDS, sucrose, dithiothreitol 

(DTT) and bromophenol blue (BPB), E-T520L; ATTO Corp., Tokyo, Japan) 

were run on a 5–20 wt% polyacrylamide gradient gel (E-T5520L; ATTO Corp., 

Tokyo, Japan). A molecular marker of 10–245 kDa (WSE-7020; ATTO Corp., 

Tokyo, Japan) was used for estimation of the SF molecular weight and the 

distribution. Electrophoresis was performed for 70 min with PageRun-R 

(ATTO Corp., Tokyo, Japan) using current of 10.5 mA. After electrophoresis, 

the gel was immersed in a stain solution (EzStain Aqua; ATTO Corp., Tokyo, 

Japan). Then it was washed with distilled water overnight. 
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22.5.4. Scanning electron microscope (SEM) 

The fiber morphologies of as-spun, methanol treated and water vapor 

treated SF non-woven mats from SF0–120, SF0.5–30 and SF2.5–30 aqueous 

solutions were observed by scanning electron microscope (SEM: JSM-6010LA; 

JEOL Ltd., Tokyo Japan) at 10 kV after coating with platinum. 

2.5.5. Measurement of fiber diameter 

The average fiber diameters of SF non-woven mats were measured at 100 

different nanofibers of samples from two pictures at random using software 

(Makijaku Freeware, ver. 1.1.0.0). Histograms of fiber diameter and 

distribution were drawn using software (OriginPro 8.1; OriginLab Corp., 

Northampton, USA). 

2.5.6. Fourier transform infrared spectroscopy (FTIR) 

FTIR spectra of the as-spun, water vapor treated and methanol treated 

SF non-woven mat (2 × 2 cm) were measured using an infrared spectrometer 

(Prestage-21; Shimadzu Corp., Kyoto, Japan) with ATR equipment 

(DuraSamplIR; Smith Detection, London, England) in the region of 600–4000 

cm− 1 at room temperature. Spectra were recorded with an accumulation of 

30 scans and resolution of 4 cm− 1. 
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The amide I (1600–1700 cm− 1) peaks of the FTIR spectra were decomposed 

and curve-fitted using software (OriginPro 8.1; OriginLab Corp., 

Northampton, USA) for analysis of the β-sheet content. 

22.5.7. Mechanical properties of SF non-woven mat 

Mechanical properties of the methanol treated SF non-woven mat (40 × 

0.5 mm2) were determined using a test machine (EZ-SX; Shimadzu Corp., 

Kyoto, Japan) with a 10 N load cell under ambient condition at 20 °C and 65 

RH%. The samples with around 300 nm of average fiber diameter were used 

for tensile test. The sample length was set at 30 mm. The crosshead speed 

was 10 mm/min. The stress/strain curves were recorded by computer 

equipped with the test machine and analyzed using software (Trapezium X, 

version 1.3.1; Shimadzu Corp., Kyoto, Japan). Results were compared by 

normalization based on the sample weight, attributable to the difficulty to 

adjust the fiber density in each sample. Five samples of the SF non-woven 

mat were tested. The results were averaged. 
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33. Results and discussion

3.1. Degumming efficiency by boiling water degumming process 

Degumming and solubilizing processes are sensitive to fibroin molecular 

characteristics for electrospinning achievement [22] and [23]. Typical 

degumming processes reported in the literature were used to boil cocoons in 

an alkaline solution such as sodium carbonate and sodium bicarbonate 

aqueous solution with or without a soap such as Marseille soap [24]. This 

process causes molecular degradation of fibroin attributable to hydrolysis in 

the alkaline solution [25]. To prevent molecular degradation as much as 

possible, we degummed the cocoons using boiling water with no alkaline 

reagents or soaps. Results of degumming by boiling water under various 

conditions are presented in Table 1. The degumming ratio represents the 

extent of sericin protein removal; 30% is recognized as successful degumming 

because the amount of sericin in cocoon fibers is reported as approximately 

20–30% of total cocoon weight [26]. Yoon et al. [23] reported that the residual 

sericin content was 0% at 28.5% of the degumming ratio. Furthermore, Ki et 

al. described that sericin was removed completely when the degumming ratio 

was 26.6% [27]. As shown in Table 1, the degumming ratio is much lower than 

30% for < 60 min of degumming time. This result suggests that a shorter 

boiling time is insufficient to remove sericin from cocoon fiber. In contrast, > 

150 min of boiling time produces a > 30% degumming ratio. The SF fiber will 

suffer some damage during longer boiling treatment. The degumming loss by 
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typical degumming process with sodium carbonate solution is > 30%, which 

is much higher than that by the boiling water process. Severe conditions such 

as boiling in alkaline solution cause fibroin degradation and engender weight 

loss beyond the amount of sericin. This consideration is supported by SEM 

observation of the degummed fibers. As depicted in Fig. 1, fibers degummed 

using boiling water treatment for longer than 150 min and by sodium 

carbonate solution for a shorter time produce many fibrils on the surface 

comparing with the fiber surface by boiling water treatment for 120 min. 

These morphology changes indicate SF damage and subsequent degradation 

of fibroin molecules by hydrolysis. Compared with the fiber morphology before 

degumming, sericin was apparently removed by the boiling water degumming 

treatment for 120 min. Sericin could be removed by boiling water degumming, 

because the degumming ratio of SF0–120 sample was > 30%. 
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FFig.1. SEM photographs of silk fiber before and after different degumming 
process. (A) before, (B) SF2.5-30, (C) SF0-120, (D) SF0-150.  Scale bars 
present 50mm. 

We used an SF0–120 sample for additional analyses and electrospinning 

studies as a representative sample for boiling water degumming because the 

sericin removal was achieved with minimal damage to SF fibers. 
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33.2. Molecular degradation by degumming treatment 

Fig. 2 presents GPC elution chromatogram and the SDS-PAGE results of 

the SF aqueous solutions degummed using different process. These results 

indicate that the fibroin molecules are broken down because of hydrolysis in 

alkaline solution during degumming. Even by boiling water processes, fibroin 

degradation occurred: the molecular weight distribution was observed in the 

GPC elution chromatogram. However, the degree of degradation seems much 

less than that by alkaline solution degumming. The molecular weight of SF 

degummed by boiling water process (SF0–120) remained at a much higher 

value than that by alkaline solution processing (SF0.5–30 and SF2.5–30). The 

apparent molecular weights at the peak tops of SF0–120, SF0.5–30, and 

SF2.5–30, were estimated at 203,000, 11,700, and 3100, respectively. SDS-

PAGE results clarify the differences of fibroin degradation among the 

degumming processes. No clear band was observed at lanes 5 and 6 of the 

samples degummed using a high concentration alkali solution (SF2.5–30). 

The SF0.5–30 sample lanes presented mostly broad smear staining from 35 

kDa to 200 kDa. Slight bands were observed at 324, 311, and 25 kDa. The 

molecular weight of the fibroin H-chain and L-chain were determined, 

respectively, at 390 kDa [28] and 25 kDa [29] from gene analyses. These bands 

might represent the partially degraded H-chains and L-chain. In contrast, 

SF0–120, the fibroin by the degumming process without alkali, showed a 

broad band at the higher and narrower molecular range of 180 kDa to 350 

kDa than by alkaline processing and clear bands at 25 kDa. This result 
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indicates that SF degradation might be repressed by treatment without alkali 

solution for degumming. The boiling water process is effective to keep the 

molecular weight of SF in the higher range. However, longer treatment time 

with boiling water caused SF degradation, as shown by the bands at lanes 3 

and 4, in which were loaded samples SF0–150 and presented at a lower and 

wider range of molecular weight than the band of SF0–120. 

FFig.2. Mw and Mw distribution of fibroin in aqueous solution prepared by 
different degumming process. 
A: GPC profiles: (a) SF0-120, (b) SF0.5-30 and (c) SF2.5-30 
B: SDS-PAGE, Lane1, 3, 5 and 7 are SF0-120, SF0-150, SF2.5-30 and SF0.5-
30 at pH7.0. Lane 2, 4, 6 and 8 are SF0-120, SF0-150, SF2.5-30 and SF0.5-30 
at pH10.5 
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33.3. Electrospinning from SF aqueous solution 

Several studies to make SF non-woven mat electrospun from SF aqueous 

solution have been reported. Chen et al. [30] and Wang et al. [31] reported > 

28% of SF aqueous solution by 0.5% Na2CO3 degumming process necessary 

to fabricate the non-woven mat. Cao et al. [20] reported that a low 

concentration of SF aqueous solution to control the conductivity of the 

spinning solution with salts such as NaCl and LiBr can form a non-woven 

mat. However, a > 10% of concentration was required for the fabrication of 

stable fibers. Jin et al. [17] succeeded in producing a non-woven mat from SF 

aqueous solution at low concentration with high molecular weight 

polyethylene oxide (PEO) as a combination spinning solution. However, PEO 

must be removed from the SF non-woven mat after fabrication. We attempted 

to produce a SF non-woven mat from our SF aqueous solution degummed by 

alkaline at up to 22 wt% concentration, but it was difficult to spin the SF fiber 

using as-prepared SF aqueous solution. Furthermore, even higher molecular 

weight SF (SF0–120) was incapable of being spun by electrospinning at 

various concentrations of as-prepared solution. 

The electrical charge of spinning solution on electrospinning is important 

factor to be considered for spinning [32]. Fibroin is protein. Therefore, the net 

charge of the SF solution is dependent on the pH. We examined the spinning 

ability of the SF aqueous solution at various pH by electrospinning. Table 2 

presents results obtained using SF solutions at various concentrations with 

each pH. In acidic conditions, no successful fiber was spun from every SF 



56 

aqueous solution at up to 22% concentration in this study. Zhu et al. [33] 

reported that SF aqueous solution adjusted pH at 6.9, which is the same pH 

as conditions inside the silk glands of silkworms. The solution was able to 

electro-spin to form the SF non-woven mat. However, a > 30% concentration 

of SF was necessary for successful electrospinning. The electrospinnability of 

SF solution in basic conditions was not investigated. The pH dependence of 

the spinning ability of SF aqueous solution in a basic condition was examined. 

The results are presented in Table 2. It was difficult to spin from a SF aqueous 

solution at pH below 10 or at pH above 12. The SF aqueous solutions at pH 

10.5, 11, and 11.5 were able to form stable fibers by electrospinning. Especially, 

a SF aqueous solution at pH 10.5 was spun at 5 wt% concentration in the case 

of SF0–120. Furthermore, a SF non-woven mat was formed at comparable 

lower concentrations such as 10% (SF0.5–30) and 16% (SF2.5–30) than 

reported in literature, even by alkali degumming SF solutions. More than 12 

wt% (SF0–120) and 22 wt% (SF0.5–30, SF2.5–30) SF aqueous solution in 

basic conditions could not be spun in our study because the solution viscosity 

was too high to flow because of jamming of the fibroin solution into the 

spinneret nozzle. We infer electrical repulsion among the charged fibroin 

molecules in basic conditions. We believe that pH 10.5 can serve as adequate 

repulsion to cause a good fiber jet in an electric field. 
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TTable 2. Spinnability of fibroin aqueous solutions at various concentrations 
and pHs 

5μm 5μm 5μm

SF0-120, 

5 wt%, pH10.5

SF0.5-30,

10 wt%, pH10.5

SF2.5-30,

16 wt%, pH10.5
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33.4. SF aqueous solution viscosity 

Viscosity of the polymer solutions used in electrospinning processes is an 

important factor affecting electrospinnability. Fig. 3 presents the viscosity 

changes of SF aqueous solutions, SF0–120, SF0.5–30, and SF2.5–30, on the 

solution concentration. The viscosity increased with the SF concentration. It 

is particularly interesting that the viscosity ranges of the electrospinnable 

solution are similar among three samples, although the concentration range 

of the solution differs. Even though the concentration of SF0–120, SF0.5–30 

and SF2.5–30 were different, the lower limit viscosity for electrospinning 

were similar with > 14 mPa·s. The lower limit concentrations for 

electrospinning are, respectively, 5, 10, and 16 wt% for SF0–120, SF0.5–30, 

and SF2.5–30, as shown in Table 2. Therefore, the viscosity range of SF 

aqueous solutions is estimated from 14 to 100 mPa·s. This result agrees well 

with the result reported by Cao et al. [20]. The viscosity of the pH 10.5 

solution decreased compared with pH unadjusted solution at the same 

concentration. Electric repulsion among SF molecules in solution at pH 10.5 

results in loosening of the molecular entanglement. From the viewpoint of 

electrospinnability of the SF aqueous solution, the solution viscosity effects 

are more important than the molecular weight of SF. However, because the 

solution by the higher molecular weight SF is the higher viscosity at lower 

concentration than by the lower molecular weight SF, the high molecular 

weight SF has benefits for electrospinning. 
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FFig.3. Influence of fibroin concentration and pH on viscosity of fibroin aqueous 
solution.  
pH 7 : ( ) SF0-120, ( ) SF0.5-30, ( ) SF2.5-30 
pH10.5 : ( ) SF0-120, ( ) SF0.5-30, ( ) SF2.5-30 
Error bars indicate the standard deviations of each data. 

3.5. Morphology of SF non-woven mat 

Fig. 4 portrays the morphology and the diameter distribution of SF no-

woven mat from various concentrations of SF aqueous solution at pH 10.5. 

When the concentrations of SF0–120, SF0.5–30 and SF2.5–30 were 4, 8 and 

14 wt% respectively, a bead-like structure in the fiber form exists because the 

viscosity is too low to maintain a stable jet at the spinneret to break droplets 

easily in the jet. Stable fiber morphology without beads was observed in the 

SF non-woven mat from > 5% for SF0–120, 12% for SF0.5–30, and 17% for 

SF2.5–30. Cylindrical morphology was observed at low concentrations. 

Ribbon-like morphology was observed at high concentrations. We infer the 
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following mechanism to form the belt-like structure at high SF concentration 

[34]. When the fiber is formed during electrospinning, the highly concentrated 

SF aqueous solution produces the SF thin skin around the fiber quickly. Then 

water inside the fiber is evaporated gradually. The resulting tube structure is 

collapsed by atmospheric pressure until the fiber reaches a target and 

changes the tube to belt-like morphology. 

FFig. 4.  Morphology and fiber diameter distribution of non-woven mat 
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The fiber diameter distribution did not change much according to the 

concentration, but a slightly wider distribution was observed at alkaline 

degumming SF than boiling water degumming SF. The jet of highly 

concentrated SF aqueous solution at a lower molecular weight might be 

unstable in an electric field. The average fiber diameter vs. solution 

concentration is shown in Fig. 5 A. Higher concentrations formed larger 

diameter fibers [8]. Given the same concentration as shown at 10% and 16% 

in Fig. 5 A, the fiber diameter spun by a high molecular weight SF is greater 

than that by a low molecular weight SF. Fig. 5 B presents the relation between 

solution viscosity and the electrospun fiber diameter. The fiber diameter 

increased with the solution viscosity. The degumming process also influenced 

the fiber diameter at the same viscosity of the SF aqueous solution. 
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FFig. 5. Influence of concentration (A) and viscosity (B) of SF aqueous solution 
on fiber diameter. ( ) SF0 120, ( ) SF0.5 30, ( ) SF0.5 30. 
Error bars indicate the standard deviations of each data. Statistical 
significance was determined by Student's t-test and indicated with ** (p < 
0.01). 
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33.6. Structure of SF non-woven mat before and after insolubilizing treatment 

Because the SF non-woven mat as spun mat dissolves easily in water, 

insolubilizing treatment is necessary to handle the mat. Insolubilizing 

methods of several kinds have been reported, such as alcohol immersion, 

alcohol vapor, and water vapor treatment [35], [36] and [37]. We attempted 

water vapor treatment and methanol treatment to insolubilize our SF non-

woven mats. Fig. 6 depicts the morphology and FTIR spectra of the SF non-

woven mat from SF0–120, SF0.5–30, and SF2.5–30 before and after 

insolubilizing treatments. After water vapor treatment, SF0.5–30 and SF2.5–

30 fibers were partially swollen, showing fiber shape deformation. In contrast, 

the fiber shape of SF0–120 was unaffected by water vapor treatment. FTIR 

spectra show that the secondary structure of all samples transformed by 

water vapor treatment and methanol treatment and the β-sheet content were 

increased, which indicates that the SF non-woven mats became water 

insoluble. Surface characteristics of SF films differ from the bulk 

characteristics: less β-sheet structure is present near the surface of the SF 

film than in the bulk part when cast at high temperatures, which implies 

weak molecular cohesion at the electrospun SF non-woven surface. Therefore, 

the fiber surfaces of SF0.5–30 and SF2.5–30 are more sensitive to water 

molecules than SF0–120 is because the molecular weight of SF0.5–30 and 

SF2.5–30 is lower than SF0–120. Consequently, the fiber shape deformation 

occurred at SF0.5–30 and SF2.5–30 by water vapor treatment. 
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FFig. 6. Morphology and FTIR spectra of SF non-woven mat. 
A: SEM image: (a–c) as-spun, (d–f) after water vapor treatment and (g–i) 
methanol treatment. 
B: FTIR spectra, C: β-sheet content: as-spun (a) SF0–120, (b) SF0.5–30, (c) 
SF2.5–30, after water vapor treatment (d) SF0–120, (e) SF0.5–30, (f) SF2.5–
30, and methanol treated (g) SF0–120, (h) SF0.5–30, (i) SF2.5–30. 

The morphology and FTIR spectra of the SF non-woven mat after 

methanol treatment are presented in Fig. 6. As shown in the figure, no 

morphology change was observed on any sample during treatment. Moreover, 

the FTIR spectra confirmed that the SF structure changed to β-sheet rich, 

indicating that insolubilizing treatment was performed successfully. 
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33.7. Mechanical properties of SF non-woven mat 

Fig. 7 presents results of mechanical properties measurements. Typical 

strain–stress curves of the SF non-woven mat are presented in Fig. 7 A. The 

SF non-woven mat from SF2.5–30 is weak and brittle, contrary to the SF0–

120 non-woven mat which showed high tensile strength and strain resulting 

in good toughness. Results suggest that the SF molecular weight strongly 

affected the mechanical behaviors of the SF non-woven mat. The mean tensile 

stress and strain at breakage of each SF non-woven mat are presented in Fig. 

7B and C. The tensile stresses per unit density of non-woven mat (g/m2) are, 

respectively, 0.83, 0.51, and 0.18 MPa on SF0–120, SF0.5–30, and SF2.5–30. 

The tensile stress of the SF non-woven mat depends on the molecular weight. 

A higher molecular weight fiber was able to withstand higher stress. The 

mean strains at breaking of the SF non-woven mat are, respectively, 11.1, 2.8, 

and 1.3% on SF0–120, SF0.5–30, and SF2.5–30. The strain of the SF non-

woven mat also depends on the SF molecular weight. However, the molecular 

weight dependence on mechanical properties of the SF non-woven mat must 

be discussed carefully because the mechanical properties of the SF non-woven 

mat are determined not only by the properties of the respective fibers but also 

by the distributions of fiber diameter, the orientations of fibers, and the fiber 

density of the SF non-woven mats. This study evaluated the strain per unit 

density of a non-woven mat, which revealed that the distribution of fiber 

diameter and orientation of fibers are similar among samples, as shown in 

Fig. 2. Therefore, we conclude that the molecular weight of SF influences the 
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mechanical properties of the electrospun SF non-woven mat. Quantitative 

discussions of tensile test results for a SF non-woven mat and comparison 

with other studies are difficult for the reason presented above. Several reports 

have described tensile studies of SF non-woven mats produced from a SF 

aqueous solution. The apparent stress and strain at the break point of a SF 

non-woven mat was reported, respectively, as 11.7 ± 0.7 MPa and 10.2 ± 1.6% 

by Cao et al. [20] and 1.49 MPa and 1.63% by Chen et al. [30]. In our study, 

0.8 ± 0.1 MPa and 12 ± 5.6% of the apparent tensile stress and strain were 

found for an SF0–120 non-woven mat. Our results could not be compared 

simply with the other reported results because the fiber density in the cross-

sectional area is not equal among the samples used in each study. 

Nevertheless, it can be said that the SF0.5–30 non-woven mat was formed 

using almost identical processes to those reported by Cao et al. [20]. The 

tensile stress and strain at the break point of SF0.5–30 were, respectively, 

0.51 ± 0.05 MPa and 2.4 ± 0.4%. Therefore, the SF0–120 non-woven mat 

described in this report represents 1.6 times the strength and four times the 

elongation of an SF0.5–30 non-woven mat formed by SF from the typical 

degumming process. This result indicates that a SF non-woven mat from high 

molecular weight SF aqueous solution fabricated in this study shows good 

mechanical properties. 
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FFig. 7. Mechanical properties of SF non-woven mat by different SF aqueous 
solution. 
A: Typical stress-strain curve of SF non-woven mat. 
C: Influence of degumming conditions on strain of SF non-woven mat (*, p < 
0.01 by t-test). 
Error bars indicate the standard deviations of each data. Statistical 
significance was determined by Student's t-test and indicated with * (p < 0.05) 
and **(p < 0.01). 



69 

44. References

[1] H. Tao, D.L. Kaplan, F.G. Omenetto, Silk materials—a road to sustainable 
high technology, Adv. Mater., 24 (21) (2012), pp. 2824–2837. 

[2] S. Kujala, A. Mannila, L. Karvonen, K. Kieu, Z. Sun, Natural silk as a 
photonics component: a study on its light guiding and nonlinear optical 
properties, Sci. Rep., 6 (2016), p. 22358. 

[3]C. Vepari, D.L. Kaplan, Silk as a biomaterial, Prog. Polym. Sci., 32 (8–9) 
(2007), pp. 991–1007. 

[4] B. Kundu, N.E. Kurland, S. Bano, C. Patra, F.B. Engel, V.K. Yadavalli, S.C. 
Kundu, Silk proteins for biomedical applications: bioengineering perspectives 
Prog. Polym. Sci., 39 (2) (2014), pp. 251–267. 

[5] C. Krishna, S. Pillai, C.P. Sharma, Absorbable polymeric surgical sutures, 
chemistry, production, properties, biodegradability, and performance, J. 
Biomater. Appl., 25 (2010), pp. 291–366. 

[6] D.N. Rockwood, R.C. Preda, T. Yucel, X. Wang, M.L. Lovett, D.L. Kaplan, 
Materials fabrication from Bombyx mori silk fibroin, Nat. Protoc., 6 (10) 
(2011), pp. 1612–1631. 

[7] T.G. Kim, H. Shin, D.W. Lim, Biomimetic scaffolds for tissue engineering, 
Adv. Funct. Mater, 22 (12) (2012), pp. 2446–2468. 

[8] S. Sukigara, M. Gandhi, J. Ayutsede, M. Micklus, F. Ko, Regeneration of 
Bombyx mori silk by electrospinning—part 1_processing parameters and 
geometric properties, Polymer, 44 (2003), pp. 5721–5727. 

[9] F. Zhang, B. Zou, Z. Fan, Z. Xie, Q. Lu, X. Zhang, D.L. Kaplan, Mechanisms 
and control of silk-based electrospinning, Biomacromolecules, 13 (3) (2012), 
pp. 798–804. 



70 

[10] K. Ohgo, C. Zhao, M. Kobayashi, T. Asakura, Preparation of non-woven 
nanofibers of Bombyx mori silk, Samia cynthia ricini silk and recombinant 
hybrid silk with electrospinning method, Polymer, 44 (3) (2003), pp. 841–846. 

[11] S. Zarkoob, R.K. Eby, D.H. Reneker, S.D. Hudson, D. Ertley, W.W. Adams 
Structure and morphology of electrospun silk nanofibers, Polymer, 45 (11) 
(2004), pp. 3973–3977. 

[12] A.J. Meinel, K.E. Kubow, E. Klotzsch, M. Garcia-Fuentes, M.L. Smith, V. 
Vogel, H.P. Merkle, L. Meinel, Optimization strategies for electrospun silk 
fibroin tissue engineering scaffolds, Biomaterials, 30 (2009), pp. 3058–3067. 

[13] X. Zhang, M.R. Reagan, D.L. Kaplan, Electrospun silk biomaterial 
scaffolds for regenerative medicine, Adv. Drug Deliv. Rev., 61 (12) (2009), pp. 
988–1006. 

[14] G.H. Altman, F. Diaz, C. Jakuba, T. Calabro, R.L. Horan, J. Chen, H. Lu, 
J. Richmond, L.D. Kaplan, Silk-based biomaterials, Biomaterials, 24 (2003), 
pp. 401–416. 

[15] H. Wang, Y. Zhang, H. Shao, X. Hu, Electrospun ultra-fine silk fibroin 
fibers from aqueous solutions, J. Mater. Sci., 40 (20) (2005), pp. 5359–5363. 

[16] A. Matsumoto, J. Chen, A.L. Collette, U.J. Kim, G.H. Altman, P. Cebe, 
D.L. Kaplan, Mechanism of silk fibroin sol-gel transitions, J. Phys. Chem. B, 
110 (2006), pp. 21630–21638. 

[17] H.-J. Jin, S.V. Fridrik, G.C. Rutledge, D.L. Kaplan, Electrospinning 
Bombyx mori silk with poly(ethylene oxide), Biomacromolecules, 3 (2002), pp. 
1233–1239. 

[18] M. Wang, H.-J. Jin, D.L. Kaplan, G.C. Rutledge, Mechanical properties 
of electrospun silk fibers, Macromolecules, 37 (2004), pp. 6856–6864. 

[19] H.J. Jin, J. Chen, V. Karageorgiou, G.H. Altman, D.L. Kaplan, Human 
bone marrow stromal cell responses on electrospun silk fibroin mats, 



71 
 

Biomaterials, 25 (2004), pp. 1039–1047. 
 
[20] H. Cao, X. Chen, L. Huang, Z. Shao, Electrospinning of reconstituted silk 
fiber from aqueous silk fibroin solution, Mater. Sci. Eng. C, 29 (7) (2009), pp. 
2270–2274. 
 
[21] B.-M. Min, L. Jeong, K.Y. Lee, W.H. Park, Regenerated silk fibroin 
nanofibers: water vapor-induced structural changes and their effects on the 
behavior of normal human cells, Macromol. Biosci., 6 (4) (2006), pp. 285–292. 
 
[22] J.S. Ko, K. Yoon, C.S. Ki, H.J. Kim, D.G. Bae, K.H. Lee, Y.H. Park, I.C. 
Um, Effect of degumming condition on the solution properties and 
electrospinnablity of regenerated silk solution, Int. J. Biol. Macromol., 55 
(2013), pp. 161–168. 
 
[23] K. Yoon, H.N. Lee, C.S. Ki, D. Fang, B.S. Hsiao, B. Chu, I.C. Um, Effects 
of degumming conditions on electro-spinning rate of regenerated silk, Int. J. 
Biol. Macromol., 61 (2013), pp. 50–57. 
 
[24] F. Wang, T.-T. Cao, Y.-Q. Zhang, Effect of silk protein surfactant on silk 
degumming and its properties, Mater. Sci. Eng. C Mater. Biol. Appl., 55 (2015), 
pp. 131–136. 
 
[25] H. Dou, B. Zuo, Effect of sodium carbonate concentrations on the 
degumming and regeneration process of silk fibroin, J. Text. Inst., 106 (3) 
(2015), pp. 311–319. 
 
[26] M. Mondal, K. Trivedy, S.N. Kumar, The silk proteins, sericin and fibroin 
in silkworm, Bombyx mori Linn., - a review, Caspian J. Env. Sci., 5 (2) (2007), 
pp. 63–76. 
 
[27] C.S. Ki, J.W. Kim, H.J. Oh, K.H. Lee, Y.H. Park, The effect of residual 
silk sericin on the structure and mechanical property of regenerated silk 
filament, Int. J. Biol. Macromol., 41 (3) (2007), pp. 346–353. 
 
[28] C.-Z. Zhou, F. Confalonieri, N. Medine, Y. Zivanovix, C. Esnault, T. Yang, 



72 

M. Jacquet, J. Janin, M. Duguset, R. Perasso, Z.-G. Li, Fine organization of 
Bombyx mori fibroin heavy chain gene, Nucleic Acids Res., 28 (12) (2000), pp. 
2143–2419. 

[29] K. Yamaguchi, Y. Kikuchi, T. Takagi, A. Kikuchi, F. Oyama, K. Shimura, 
S. Mizuno, Primary structure of the silk fibroin light chain determined by 
cDNA sequencing and peptide analysis, J. Mol. Biol., 210 (1980), pp. 127–139. 

[30] C. Chen, C. Chuanbao, M. Xilan, T. Yin, Z. Hesun, Preparation of non-
woven mats from all-aqueous silk fibroin solution with electrospinning 
method, Polymer, 47 (18) (2006), pp. 6322–6327. 

[31] H. Wang, H. Shao, X. Hu, Structure of silk fibroin fibers made by an 
electrospinning process from a silk fibroin aqueous solution, J. Appl. Polym. 
Sci., 101 (2) (2006), pp. 961–968. 

[32] T.J. Sill, H.A. von Recum, Electrospinning: applications in drug delivery 
and tissue engineering, Biomaterials, 29 (13) (2008), pp. 1989–2006. 

[33] J. Zhu, H. Shao, X. Hu, Morphology and structure of electrospun mats 
from regenerated silk fibroin aqueous solutions with adjusting pH, Int. J. Biol. 
Macromol., 41 (4) (2007), pp. 469–474. 

[34] S. Koombhongse, W. Liu, D.H. Reneker, Flat polymer ribbons and other 
shapes by electrospinning, J. Polym. Sci. B Polym. Phys., 39 (2001), pp. 2598–
2606. 

[35] H.-J. Jin, J. Park, V. Karageorgiou, U.-J. Kim, R. Valluzzi, P. Cebe, D.L. 
Kaplan, Water-stable silk films with reduced β-sheet content, Adv. Funct. 
Mater., 15 (8) (2005), pp. 1241–1247. 

[36] X. Hu, D.L. Kaplan, P. Cebe, Determining beta-sheet crystallinity in 
fibrous proteins by thermal analysis and infrared spectroscopy, 
Macromolecules, 39 (2006), pp. 6161–6170. 

[37] X. Hu, K. Shmelev, L. Sun, E.-S. Gil, S.-H. Park, P. Cebe, D.L. Kaplan 



73 

Regulation of silk material structure by temperature-controlled water vapor 
annealing, Biomacromolecules, 12 (5) (2011), pp. 1686–1696. 



74 

CChapter 4: Production of three-dimensional 
silk fibroin nanofiber non-woven fabric by wet 
electrospinning 



75 

CChapter 4: Production of three-dimensional silk fibroin nanofiber non-woven 
fabric by wet electrospinning 

Abstract 

Three-dimensional (3D) silk fibroin (SF) nanofiber non-woven fabric was 

fabricated by wet electrospinning (WES) using SF aqueous spinning solution 

and a liquid bath as a collector. Citric acid buffered solution at pH 3.8 

supplemented with t-butyl alcohol (t-BuOH) was used as the liquid bath. The 

t-BuOH concentration influenced the apparent pore size and porosity of the 

WES non-woven fabric. The maximum pore size was formed at 30% of t-BuOH. 

The as-spun WES non-woven fabric structure had a crystallized form. Cell 

adhesion on the WES non-woven fabric was lower than that produced on the 

non-woven fabric by traditional dry electrospinning (DES), but no difference 

was observed in cell proliferation rates between WES and DES non-woven 

fabrics. Cells adhered and proliferated on both the surface and the inner 

spaces of WES non-woven fabric, although cells adhered only on the surface 

of DES non-woven fabric consisting of high fiber density. The WES non-woven 

fabric is anticipated for use as a cell scaffold mimicking an extracellular 

matrix in tissue. 
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11. Introduction

Regenerated silk fibroin (SF) materials such as films, sponges, and 

electrospun non-woven fabric have been studied for use as cell scaffolds 

because of their biocompatibility and good mechanical properties [1,2]. 

Recently, many studies have examined electrospun SF non-woven fabrics, 

investigating the preparation of silk fibroin solution [3–5] conformational and 

mechanical properties [6,7] and cell cytotoxicity [2] because the nanofiber 

network in the non-woven fabric can simulate tissue extracellular matrix 

(ECM) construction [8]. Three-dimensional construction with porous 

structure mimicking a tissue ECM produces a cell scaffold that facilitates 

tissue regeneration [9]. However, nanofibers electrospun using dry 

electrospinning (DES) deposition on a flat plate or rotating drum 

accumulated into a mass at high fiber densities. No construction of nanofiber 

networks with high porosity, such as an ECM framework, is done using a 

conventional method such as DES. 

To resolve that difficulty, modified electrospinning has been reported, 

such as using a micro-patterned template like a honeycomb structure [10], 

applying a deionizer for eliminating the electricity of electrospun mat [11], 

using co-spun microparticles to be removed after spinning [12], and using 

bubbles generated chemically [13]. Nevertheless, these techniques are 

extremely complicated. No method of simple application to an SF system has 

been reported in the relevant literature. 

Wet electrospinning, which combines electrospinning and wet spinning 

can be used to fabricate three-dimensional (3D) non-woven fabric with high 
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porosity. Actually, wet electrospinning consists of conventional 

electrospinning with a liquid bath as the collector [14]. Ki et al. [15, 16] 

reported 3D SF nanofiber fabrics produced using wet electrospinning. The 

spinning solution was an SF formic acid solution. Methanol was used as the 

liquid bath collector. Formic acid and methanol are harmful to living 

organisms and are hazardous during fabrication processes. These reagents 

are therefore best avoided when producing medical materials such as cell 

scaffolds. 

For this study, 3D SF nanofiber non-woven fabrics with high porosity were 

produced using wet electrospinning with SF aqueous spinning solution and 

water-based liquid bath as the collector. The 3D non-woven fabric was 

characterized by pore size, secondary structure, cell adhesion, and 

proliferation compared with the non-woven fabric produced using DES. 
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22. Materials and methods

2.1 Materials 

Bombyx mori silkworm cocoons were provided generously by the 

experimental farm at Shinshu University. Chemical reagents, lithium 

bromide (LiBr), methanol, t-butanol (t-BuOH), citric acid, sodium citrate, and 

sodium hydroxide (NaOH), purchased from Wako Pure Chemical Industries 

Ltd. (Tokyo, Japan), were used without further purification. Cellulose dialysis 

membranes (molecular weight cut-off: 12,000–14,000 Da) were purchased 

from Kenis Ltd. (Tokyo, Japan). 

2.2 Preparation of SF spinning solution 

Silk cocoons suspended in boiling water at a 1:200 bath ratio and were 

kept at 95–98°C for 2 h to remove sericin. To prevent molecular degradation 

during degumming process to the greatest degree possible in this study, we 

used boiling water as the degumming solution, without alkaline reagents 

such as sodium carbonate [17]. Then the degummed fibers were washed 

thoroughly in water for 1 h and were dried overnight at room temperature. 

After the dried silk fibroin (SF) fibers were weighed, the degumming ratio 

was calculated using the following equation. 
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Therein, W1 and W2 respectively denote the cocoon weight and degummed 

fiber weight. The degumming ratio was confirmed as more than 30%. 

The degummed SF fibers were dissolved in 9 M LiBr for 24 h at room 

temperature. Then the solutions were dialyzed against distilled water for 3 

days in a cellulose dialysis membrane. The dialysate was changed every 12 h. 

Using a pH meter, the SF aqueous spinning solution pH was adjusted to 10.5 

using 5M NaOH solution [18]. 

22.3 Wet electrospinning and Dry Electrospinning 

A modified electrospinning apparatus manufactured by MECC Co. Ltd. 

(Fukuoka, Japan) was used for wet electrospinning (WES) experiments. A 

stainless steel tray (150 × 200 × 20 mm) liquid bath filled with 0.05 M citric 

acid buffer mixed with ethanol and tert-butyl alcohol (t-BuOH) was placed on 

the electrode plate as the collector. The SF aqueous spinning solution at 6 

wt% was put into a 5 mL disposable syringe (SS-05SZ; Terumo Corp., Tokyo, 

Japan) with a 21-gauge stainless needle (NN-2238 N; Terumo Corp., Tokyo, 

Japan) connected to a high-voltage power supply. Wet electrospinning was 

done at room temperature for 1 h under the following conditions, with applied 

voltage and distance between the needle and the liquid bath of 15 kV and 18 

cm, respectively. The spinning rate was 1.0 ml/h. Before evaluation, the wet 

electrospun SF non-woven fabrics were freeze-dried using a freeze-dryer (FD-

5N; Tokyo Rikakikai Co. Ltd., Tokyo, Japan). 

An electrospinning apparatus (Kato Tech Co. Ltd. Kyoto, Japan) with a 
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plane surface collector was used for traditional DES. The dry electrospun SF 

nanofibers were collected on silicon-coated paper (Asahikasei Home Products 

Co.,Ltd., Tokyo, Japan) placed 18 cm distant from the needle. The DES was 

performed using SF aqueous spinning solution under the same conditions as 

those used for WES. The respective thicknesses of WES and DES non-woven 

fabrics spun at this condition were approximately 50 and 20 μm. 

22.4 Characterization of WES and DES non-woven fabric 

The WES and DES non-woven fabric morphologies were observed using a 

scanning electron microscope (SEM: JSM-6010LA; JEOL Ltd., Tokyo Japan) 

at 10 kV after coating with platinum. For each SEM image, the average pore 

sizes and average fiber diameters of WES and DES non-woven fabrics were 

measured at 100 different points using software (Makijaku Freeware, ver. 

1.1.0.0). 

FTIR spectra of the non-woven fabrics were obtained using an infrared 

spectrometer (Prestage-21; Shimadzu Corp., Kyoto, Japan) with ATR 

equipment (DuraSamplIR; Smiths Detection, London, England) in the region 

of 600–4000 cm-1 at room temperature. The spectra were recorded at 

resolution of 4 cm-1 and 30 scan accumulation. 

Peak separation and curve fitting of the FTIR spectra at the amide I region 

was performed by Origin 8.1 (OriginLab Corp., Northampton, USA). The 

baseline was set linearly between two points of 1600 cm-1 and 1700 cm-1. The 

second derivative was applied to the original spectra in the amide I region 

without smoothing treatment to set the peak tops for peak separations and 
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the Gaussian function was used for curve fitting of each peak. The β-sheet 

content was determined by integrating the area of each peak attributed to β-

sheet structure according to an earlier report [19]. 

22.5 Cell culture test 

For cell culture tests, the dried DES and WES non-woven fabrics were 

sterilized using dry heat sterilization at 180°C for 30 min. NIH3T3 cells were 

provided by the Riken BRC cell bank (Tsukuba, Japan). After 12 mm disks of 

sterilized WES and DES non-woven fabric were punched out of the respective 

materials, they were put in 48 multi-well dishes (Nunc; Thermo Fisher 

Scientific K.K., Kanagawa, Japan). Eagle MEM (Nissui Pharmaceutical Co. 

Ltd., Tokyo, Japan) with 10% fetal bovine serum (Gibco, Invitrogen Co., USA) 

and 0.01 wt% of kanamycin antibiotic was used for the culture medium. The 

cell suspension was put into WES and DES non-woven fabric at 5000 

cells/sample. Cells were cultured under 37°C and 5% CO2. Cell numbers in 

WES and DES non-woven fabric were inferred from lactate dehydrogenase 

(LDH) consumption. At 1, 3, 5, and 7 days of culture, each sample was put 

into 0.5% Triton X-100/PBS solution to dissolve the cells in the WES and DES 

non-woven fabric. Then the LDH activity of the dissolved solution was 

measured using the kinetics of NADH-consuming reactions at 340 nm 

absorbance. The cell number was calculated using LDH activity with 

calibration. Three samples were measured at each culture day. Then the data 

were averaged. Statistical analyses were conducted using Student t-tests, for 
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which p<0.05 was inferred as significant. 
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33. Results and discussion

3.1 Wet electrospinning 

For the liquid bath in the wet electrospinning system (WES), a water-

based solution is preferred for simulation of a living body in medical use and 

during the production process. However, water was inapplicable for the 

solution because the electrospun SF nanofibers dissolved quickly in water and 

were unable to produce a non-woven fabric with 3D form. Because the 

isoelectronic point of silk fibroin is reported at pH 4.0 [20], the pH of the 

solution in the liquid bath was adjusted to around pH 4 using buffer solutions 

to cause SF fiber coagulation. The citric acid buffer solution at pH 3, 3.8, and 

5 worked efficiently to form the non-woven fabric on the liquid bath. However, 

no 3D fabric was observed. Moreover, the fabric morphology resembled that 

of non-woven fabrics (2D) formed by conventional dry electrospinning (DES). 

The electrospun SF fibers accumulated only on the solution surface in the 

liquid bath, as on the dry solid electrode in the DES system. The high surface 

tension of citric acid aqueous buffer obstructed immersion of the electrospun 

SF fibers into the liquid bath solution. Yokoyama et al [14] reported that when 

the water (surface tension: 72 mN/m) was used as a liquid bath, wet 

electrospun poly (glycolic acid) (PGA) nanofibers floated on the water because 

of its high surface tension. We added alcohols in an attempt to reduce the 

surface tension of the citric acid aqueous buffer. Figure 1 presents 

morphologies of the WES non-woven fabrics formed in the citric acid buffer 
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with ethanol (22.31 mN/m surface tension, [21]) and tert-butyl alcohol (t-

BuOH, surface tension: 18.16 mN/m, [14]). Both alcohols were effective to 

immerse the SF nanofibers into the liquid bath and spin to the 3D fabric form 

with expanding gaps among fibers, but higher ethanol concentration was 

necessary to form the 3D non-woven fabric than that used for t-BuOH, as 

presented in Fig. 1. Therefore, for the WES system, we selected t-BuOH added 

to the citric acid buffer as the liquid bath solution. 

FFig.1. SEM images of WES non-woven fabrics formed in citric acid buffer at 
pH 3.8 with (a) 0 vol%, (b) 50 vol%, (c) 70 vol% of ethanol and with (d) 30 
vol%, (e) 70 vol% of t-BuOH.

(a)

10 μm

(b)

10 μm

(c)

10 μm

(d)

10 μm

(e)

10 μm



85 

33.2 Influence of t-BuOH concentration on WES non-woven fabric morphology 

Figure 2 presents SEM images of WES non-woven fabric formed using the 

liquid bath containing 10–50 vol% t-BuOH. The t-BuOH concentration 

influenced the morphology, fiber density, and porosity of the WES non-woven 

fabric. Results show that no clear nanofiber morphology was formed using the 

t-BuOH solution at 10% or 20% concentration. The reduction of the surface 

tension by addition of t-BuOH at less than 20% was insufficient to immerse 

the electrospun SF nanofibers into the solution. Therefore, the nanofibers 

were unable to disperse in the solution. Instead, they accumulated on the 

solution surface. A nanofiber network in the non-woven fabric was fabricated 

at more than 30% of the t-BuOH solution. The fiber density increased and the 

porosity decreased according with the increase of the t-BuOH concentration 

from 30% to 50 vol%. These phenomena are explained by the fact that the 

amount of soaked electrospun SF nanofibers in the liquid bath increased 

along with the t-BuOH concentration because of the lower surface tension of 

the solution. Great amounts of the soaked SF nanofibers can become mutually 

entangled at higher concentrations of t-BuOH, resulting in denser fiber 

density and lower porosity in the WES non-woven fabric. Figure 3 presents 

the apparent average pore size of the WES non-woven fabric estimated from 

SEM images against the t-BuOH concentration. Around 12 μm of average 

pore size was formed in the 3D SF non-woven fabric by WES using a 30% t-

BuOH solution. The average pore size can be controlled by changing the t-

BuOH concentration in the liquid bath. The respective average fiber 
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diameters of WES and DES non-woven fabrics were approximately 450 nm 

and 180 nm. The t-BuOH concentration in the liquid bath did not affect the 

average fiber diameter. We infer that the difference between WES and DES 

fibers causes shrinkage of the fibers with DES during drying on the collector 

while the fibers in the liquid bath retained the as-spun fiber diameter because 

of coagulation in the liquid bath at the time of collection. This result shows 

good agreement with results reported elsewhere in the literature [15]. 

Figg. 2. SEM images of WES non-woven fabrics formed in citric acid buffer at 
pH 3.8  with (a) 10 vol%, (b) 20 vol%, (c) 30 vol%, (d) 40 vol% and (e) 50 
vol% of t-BuOH and (f) cross sectional SEM image of WES non-woven fabric 
formed in citric acid buffer at pH 3.8 with 30 vol% of t-BuOH.
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FFig.3. Influence of t-BuOH concentration on pore size of WES non-woven 
fabrics (n=100). Error bars indicate the standard deviations. 
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33.3 Secondary structure of SF nanofibers in WES non-woven fabric 

FTIR spectroscopy was applied to ascertain the electrospun SF nanofiber 

structure in the fabrics. Figure 4A portrays the amide I region of the spectra, 

which presents the secondary structure of the as-spun and methanol treated 

DES non-woven fabric, as-spun WES non-woven fabric using only citric acid 

buffer, and the as-spun WES non-woven fabric using citric acid buffer with 30 

vol% and 50 vol% of t-BuOH. An adsorption peak at 1622 cm–¹, which is 

attributed to the β-sheet structure [18] and the crystallized form of SF, 

appeared on the as-spun WES non-woven fabric. These results indicate the 

WES non-woven fabric was crystallized at the same time as collection in the 

liquid bath by coagulation of SF at isoelectronic pH. The as-spun DES non-

woven fabric had a non-crystallized structure, as indicated by the adsorption 

peak at 1641 cm ¹, which is attributed to its random coil structure [22] and 

non-crystallized form of SF. These results suggest that non-crystallized SF 

nanofibers were spun during electrospinning, and that the SF nanofiber 

structure was transformed to a crystallized form in the liquid bath. The 

structure of the as-spun DES non-woven fabric fiber was changed to a 

crystallized form by immersion in a methanol solution, as portrayed in Fig. 

4A. The isoelectronic solution of citric acid buffer at pH 3.8 can make the 

structure of WES non-woven fabric fibers crystallize without the following 

treatments. Comparison of the secondary structure contents between as-spun 

WES and methanol treated DES non-woven fabric fiber was performed by 

decomposition of each spectrum using curve-fitting technique. Lower β-sheet 
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contents were estimated as as-spun WES non-woven fabric formed in citric 

acid buffer than as methanol-treated DES non-woven fabric (Fig. 4B). 

However, the β-sheet content of WES non-woven fabric was increased with t-

BuOH concentration and reached at the same level with the methanol treated 

DES non-woven fabric by 50% t-BuOH concentration (Fig. 4B). These results 

indicate that both isoelectronic solution and t-BuOH caused the 

crystallization of WES non-woven fabric in the coagulation bath when t-

BuOH was mixed. 

FFig.4. FTIR spectra and β-sheet content of (a) as-spun DES non-woven fabric, 
(b) methanol treated DES non-woven fabric, (c) as-spun WES non-woven 
fabric formed in citric acid buffer at pH3.8, (d) with 30 vol%, and (e) 50 vol% 
of t-BuOH.  
A: FTIR spectra. 
B: β-sheet content (n=3). β-sheet content were calculated from areas of curve 
fitted peaks assigned to each conformation in the amide I region of the FTIR 
spectra. Error bars indicate the standard deviations. 
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33.4 Cell culture test 

Figure 5 presents the initial cell adhesion and growth curve in/on the WES 

non-woven fabric using 30 vol% of t-BuOH, compared with those on the DES 

non-woven fabric. The initial cell adhesion on WES non-woven fabric was 

significantly lower than on DES fabric (Fig. 5A), but no difference of 

proliferation rates on the fabrics was observed (Fig. 5B). The pore size of the 

WES non-woven fabric used in cell culture was estimated as 12 μm. 

Furthermore, the apparent fiber density was much rougher than that of the 

DES non-woven fabric. Because the cell size is around 10 μm before adhesion, 

it will be harder for cells to be caught on the fiber matrix in the WES non-

woven fabric than in the DES fabric. Therefore, the initial cell adhesion on 

WES non-woven fabric is expected to become lower than with DES non-woven 

fabric, which has much smaller pores and higher fiber density. Once the cells 

adhered on the SF nanofibers, cells were able to proliferate on the WES non-

woven fabric at the same rate as on the DES non-woven fabric. These results 

mean that the cell growth was independent of the porosity or fiber density of 

the SF non-woven fabric. 

Cell morphology on the DES and WES non-woven fabric using 30 vol% of 

t-BuOH, as discerned from SEM images, are depicted in Fig. 6. In the case of 

DES non-woven fabric, cells adhered only on the fabric surface with a well 

spreading shape. Then the fabric surface was covered fully with proliferated 

cells after 7 days of culture (Figs. 6(a) and 6(b)). In contrast, seeded cells 

adhered on both the surface and the inner spaces of WES non-woven fabric 
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during 1 day incubation (Fig. 6(c)) and proliferated on both the surface and 

the inner spaces of WES non-woven fabric after 7 days of culture (Fig. 6(d)). 

The cells in the WES non-woven fabric were spread along the SF nanofibers, 

resembling cross-linking members among the fibers. The proliferated cells 

into the inner spaces of WES fabric were clarified by observation of the cross 

section of the fabric cultured cells, as depicted in Figs. 6(e) and 6(f). Cells 

spread along the SF nanofibers into the fabric interior. The WES non-woven 

fabric was able to provide appropriate space and suitable support for 3D cell 

growth as a cell scaffold. It is anticipated for use as an extracellular matrix 

for tissue engineering. 

FFig.5. Initial cell adhesion rate and cell growth curve in/on WES and DES 
non-woven fabric. (A) Initial cell adhesion rate of after 1 day incubation, (B) 
Cell growth curve, (*, p<0.05 by t-test, n=3). T-test was employed to obtain p 
values, enabling determination of the level of significance of the data. P 
values of less than 0.05 was considered to be significant difference, and error 
bars indicate the standard deviations. 
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FFig.6. SEM images of cultured fibroblast cells on DES non-woven fabric after 
(a) 1 day, (b) 7 day and on WES non-woven fabric after (c) 1 day, (d) 7 day 
culture and cross sectional images of cultured fibroblast cells in WES non-
woven fabric after (e) 5 day and (f) 7 day incubation. 
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CChapter 5: Conclusion 

In chapter: 2, I developed a new silk fibroin (SF)/ inorganic composite of 

electrospun SF nanofiber and montmorillonite (MMT), and characterized its 

microstructure. High-resolution TEM observations demonstrated that MMT 

layers, 1.2 nm thick were interacted in unknown way to the electrospun SF 

nanofibers covered with nanolayers of MMT. The nano SF/MMT composite 

were successfully fabricated using SF nanofiber, which had been immersed in 

MMT aqueous suspension. SF/MMT nanocomposite showed a circular cross-

section and they possess 3 dimensional and high porosity structure. It is 

suggested that this nanocomposite is a candidate for new biocompatible 

application as scaffold for tissue engineering like bone regeneration, because 

the composite contain biodegradable and biocompatible silk and 

osteoinductive MMT and moreover the composite nanofiber may be 

advantageous scaffold in cell culture due to specially high surface area. 

In chapter 3, SF non-woven mats were fabricated by electrospinning from 

all aqueous solution at low concentration (>5 wt %). Silk fibroin extracted 

from Bombyx mori silk cocoons by degumming using boiling water without 

alkaline reagents maintained a higher range of molecular weight distribution 

than fibroin that was degummed with alkaline. The spinning solution pH is 

important for electrospinning of a fibroin aqueous solution at low 

concentration. Results obtained from this study show that pH 10.5 is 

appropriate. The electrospinnability of aqueous fibroin solution depends on 
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the solution viscosity rather than the molecular weight of fibroin and the 

solution concentration. Mechanical properties of the non-woven mat depend 

on the fibroin molecular weight. The mean tensile stress and strain of the 

non-woven mat electrospun from the higher molecular weight fibroin were 

0.83 ± 0.05 MPa / (g/m2) and 12 ± 5.6%. 

In Chapter 4, I fabricated a three dimensional silk fibroin (SF) nanofiber non-

woven fabric using wet electrospinning (WES) with SF aqueous spinning solution 

and a water based liquid bath. WES non-woven fabrics presents higher porosity than 

non-woven fabrics by traditional dry electrospinning (DES), with formed pores 

having maximum 12 μm average pore size. As-spun WES non-woven fabric fibers 

have a crystallized structure formed by spinning, whereas a non-crystallized 

structure was observed on the as-spun DES non-woven fabric. The initial cell 

adhesion was observed between WES and DES non-woven fabric. Cells were able to 

proliferate into WES non-woven fabrics, although cells on DES non-woven fabrics 

spread only on the fabric surface. The WES SF nanofiber non-woven fabric is 

anticipated for use as a cell scaffold to simulate an extracellular matrix structure. 
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