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In this paper, the regenerated silk fibroins were dis-

solved in LiBr aqueous solution with different disso-

lution temperature and time, and the effects of the

dissolution condition on the regeneration yield, molec-

ular weight, wet spinnability, and electrospinnability

of regenerated silk fibroin were investigated. The

regeneration yield, molecular weight distribution, and

wet spinnability of regenerated silk fibroin were

nearly affected by the dissolution temperature and

time. However, the electrospinning performance of silk

fibroin was influenced by the dissolution condition

implying the electrospinning of silk fibroin is more

sensitive process than the wet spinning in the range

tested in this study. While 25oC of dissolution temper-

ature resulted in a good electrospinnability of regen-

erated silk fibroin, the electrospinnability was slightly

deteriorated when silk fibroin was dissolved at 60oC

for 6 hours. Also, though the fiber diameters of elec-

trospun silk fibroin produced by the dissolution at

25oC for 6 hours and 24 hours were 443 and 451 nm,

respectively, that at 60oC for 5 min was reduced to

411 nm. The fiber diameter was more decreased to

393 nm when the dissolution time increased up to

6 hours at 60oC.
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Introduction

The Bombyx mori silk has been utilized as an excellent

textile material for a long time. Recently, many research-

ers have reported useful properties of silk fibroin for non

textile application. Among the useful properties, a good

blood compatibility (Sakabe et al., 1989), a good cell

adhesion and spreading ability (Minoura et al., 1995), and

no inflammation reaction of silk fibroin have stimulated

researchers to apply silk fibroin to biotechnological field,

especially tissue engineering. As a result of that, many

studies on the application of regenerated silk fibroin to tis-

sue engineering scaffold have been performed and good

performances of silk fibroin have been reported (Ki et al.,

2008; Wang et al., 2006; Wang et al., 2010). 

For those biotechnological applications of silk fibroin,

the fibrous silk fibroin has to be regenerated to various

forms, including monofilament, nanofibrous web, film,

powder, solution, gel, etc. A dissolution process is the first

step of silk fibroin regeneration. Though many solvents of

silk fibroin lead to the molecular degradation of silk

fibroin during the dissolution (Freddi et al., 1995; Ish-

izaka et al., 1989; Um and Park, 1998), it has been known

that LiBr aqueous solution does not degrade silk fibroin

molecules during the dissolution. Therefore, though LiBr

aqueous solution is an expensive material, it can be effec-

tively utilized to obtain high molecular weight silk fibroin

(Um et al., 2010). 

The wet spinning and electro spinning process are the

next step to fabricate monofilament and nanofibrous web

of silk fibroin for the application to the tissue engineering

scaffold. The wet spinning and electro spinning perfor-

mance are strongly affected by various factors including

molecular weight, dope viscosity, etc. In particular, the
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dissolution condition of silk fibroin can influence the

spinning performance because it decides molecular

weight or molecular shape of silk fibroin. 

Though it was reported that LiBr aqueous solution did

not decompose silk fibroin molecules, the effect of var-

ious dissolution conditions including dissolution temper-

ature and time has not been studied in detail. Especially,

the effects of dissolution condition in LiBr aqueous solu-

tion on the wet spinning and electrospinning performance

of regenerated silk fibroin were not reported, yet. 

Therefore, in this study, the regenerated silk fibroins were

prepared by the dissolution in LiBr aqueous solution with

different dissolution temperature and time. The effects of

dissolution temperature and time on the molecular weight,

regeneration yield, wet spinnability, and electrospinnability

of regenerated silk fibroin were investigated. 

Materials and Methods

Preparation

Bombyx mori cocoons were degummed with a sodium

oleate 0.3% (o.w.f.) and sodium carbonate 0.2% (o.w.f.)

solution at boiling temperature for 1 hr, and then rinsed

thoroughly in warm distilled water and dried to obtain silk

fibroin. The silk fibroin was dissolved in 9.3 M LiBr

aqueous solution with various dissolution times and

temperatures. The dissolution temperature was controlled

to 20 and 60oC to investigate the effect of dissolution

temperature and the dissolution time was varied from

5 min. to 24 hours to examine the dissolution time effect.

For reference, it took 5 minute and 6 hours to dissolve silk

fibroin by 9.3 M LiBr aqueous solution at 60 and 20oC,

respectively. The aqueous silk fibroin solution was

obtained through the dialysis of the dissolved silk fibroin

solution in a cellulose tube (molecular cutoff = 12,000~

14,000) against a circulating pure water for 3 days at room

temperature. The solution was then dried and ground to

obtain regenerated silk fibroin films. 

The regenerated silk fibroin films were dissolved in

98% formic acid to produce 9% (w/w) silk fibroin/formic

acid dope solution for wet spinning. The dope solutions

were filtered through a nonwoven fabric twice to remove

insoluble particles. Regenerated silk fibroin filaments

were spun using a syringe and syringe pump by extruding

the dope solution through 22-gauge needle into methanol

as a coagulation bath. The flow rate of fiber extrusion was

controlled to 20 ml/hr. The wet spun silk fibroin filaments

were left in the coagulant overnight to allow the solvent

(formic acid) to diffuse out completely from the filament

before drying. Finally, the as-spun filaments were dried

under tension to prevent the contraction which can occur

during the drying process. The 9% regenerated silk fibroin

dope solutions were also electrospun using the

electrospinning apparatus to prepare silk fibroin

nanofibrous web. The flow rate was controlled to 0.3 ml/

hr. The electric power and spinning distance were 16 kV

and 19 cm, respectively. 

Measurement

The regeneration yield of silk fibroin was calculated using

the following equation. The regeneration yield (%) =

(dried weight of silk fibroin after regeneration) / (dried

weight of silk fibroin before regeneration)×100. The

dried weight of silk fibroin after regeneration means the

dried weight of regenerated silk fibroin powder and the

dried weight of silk fibroin before regeneration implies

the dried weight of degummed silk before the dissolution. 

The molecular weight distribution of regenerated silk

fibroin was determined by fast protein liquid chromatog-

raphy (FPLC)(AKTA Purifier, Amersham Biosciences,

USA). The regenerated silk fibroin powder was dissolved

in urea aqueous solution to prepare 0.1% regenerated silk

fibroin 4 M urea aqueous solution. Superdex 200 10/

300 GL column was used in the measurement and the

flow rate was controlled to 0.5 ml/min. 4 M urea aqueous

solution was utilized as an eluent. 

The wet spinnability was evaluated by the maximum draw

ratio. It was calculated by the ratio of maximum drawn

length of fiber and the length of as spun fiber in wet state.

The measurement of fiber length was performed for

30 different filament sample and the maximum draw ratio

was determined by averaging the 30 results of measurement. 

The cross-section and surface of wet spun- and electro

spun- regenerated silk fibroin fiber were observed using a

Field Emission Scanning Electron Microscope (FE-SEM)

(S-4300, Hitachi, Japan) after a gold coating. The fiber

diameter was obtained from the SEM micrographs using a

custom code image analysis program. The average diam-

eter value was obtained from measurements of 30 different

fibers in the regenerated silk fibroin nano web. 

Results and Discussions 

The molecular weight of polymer is one of key factors

influencing properties of polymer. In case of silk fibroin,

it strongly affects its wet- and electro- spinnability as well

as physical properties of spun fibers (Um et al., 2010). It

has been known that LiBr aqueous solution nearly decom-

pose the silk fibroin molecules during the dissolution.

However, the effect of dissolution conditions, such as dis-

solution temperature and time, on the molecular weight

distribution of regenerated silk fibroin has not been elu-
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cidated, yet. Therefore, the effect of dissolution time and

temperature on the molecular weight change of silk

fibroin was examined. 

Fig. 1 showed the molecular weight distribution of

regenerated silk fibroin prepared by 9.3 M LiBr aqueous

solution with various dissolution times and temperatures.

All regenerated silk fibroin samples exhibited a peak at

200 kDa. That is, there is no difference between silk

fibroin samples depending on dissolution time and tem-

perature implying that those dissolution conditions nearly

influence the molecular weight distribution of regenerated

silk fibroin. 

In the industrial viewpoint, a regeneration yield of silk

fibroin is very important issue because it decides the pro-

ductivity as well as the manufacturing cost. Therefore, the

regeneration yield was evaluated and its result was shown

in Fig. 2. As can be seen in the figure, regardless of dis-

solution condition, 88~89% of yield was obtained for all

silk fibroin samples. This result implies that the dissolu-

tion of silk fibroin in LiBr aqueous solution can lead to a

high regeneration yield. Also, this result indicates that the

dissolution time and temperature nearly influence the

regeneration yield of silk fibroin when 9.3 M LiBr aque-

ous solution was used. 

Though the molecular weight distribution of regener-

ated silk fibroin was turned out to be nearly affected by

dissolution temperature and time tested in this study, the

wet spinning and electrospinning of regenerated silk

fibroin obtained from different dissolution condition can

show a different performance. It is because there is still a

possibility of presence of unknown different aspect

between the regenerated silk fibroins from different dis-

solution condition. Therefore, the wet spinnability and

electrospinnability of regenerated silk fibroins with dif-

ferent dissolution condition were examined. 

The fiber morphology of wet spun filament is important

issue because it decides the mechanical properties as well as

the luster of fiber. The circular shape of fiber showed the

good mechanical properties and the mechanical properties

can be deteriorated as the cross sectional shape of fiber devi-

ates from the circularity. With these reasons, the cross sec-

tional morphology of wet spun silk fibroin filaments with

different dissolution temperature and time was observed by

FE-SEM and the results were displayed in Fig. 3. 

As can be seen in Fig. 3, all regenerated silk fibroin fil-

aments showed a circular shape and a similar size of

diameter implying the dissolution temperature and time

nearly influence the morphology of wet spun regenerated

silk fibroin filament. 

In addition to the fiber morphology, the molecular ori-

entation can be said to be an important factor affecting

mechanical properties of wet spun fiber. As molecular ori-

Fig. 1. The molecular weight distribution of regenerated silk

fibroins prepared by 9.3 M LiBr aqueous solution with differ-

ent dissolution temperature and time; (a) 25oC for 6 hrs, (b)

25oC for 24 hrs, (c) 60oC for 5 min. (d) 60oC for 6 hrs, (e)

molecular weight marker 200 kDa., (f) 66 kDa., and (g)

29 kDa. 

Fig. 2. The regeneration yield of regenerated silk fibroins pre-

pared by 9.3 M LiBr aqueous solution with different dissolu-

tion temperature and time; (a) 25oC for 6 hrs, (b) 25oC for

24 hrs, (c) 60oC for 5 min., and (d) 60oC for 6 hrs.
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entation increases until a critical point, the breaking

strength and elongation increase at the same time. After

the critical point, breaking strength increases and elonga-

tion decreased with an increase of molecular orientation in

a wet spun fiber (Um et al., 2004). 

Based on those backgrounds, the maximum draw ratio

of regenerated silk fibroin filaments was measured since it

decides the molecular orientation. Fig. 4 showed the max-

imum draw ratio of wet spun regenerated silk fibroin fil-

ament prepared by various dissolution conditions. As can

be seen in figure, wet spun silk fibroin filaments exhibited

4.4~4.6 of draw ratios. This result indicated that the effect

of dissolution temperature and time on the maximum draw

ratio of wet spun silk fibroin filament was negligible. 

Recently, the electrospinning technique has been exten-

sively utilized to fabricate nanofiber (Bhardwaj and

Kundu, 2010). In case of silk fibroin, many studies on the

electrospinning of silk have been performed recently (Min

et al., 2004; Sukigara et al., 2003; Zhu et al., 2008). It is

because silk nano web can be applied to biomedical fields such as tissue engineering. Therefore, it is important to

Fig. 3. The cross sectional morphology of regenerated silk fibroin filaments prepared by 9.3 M LiBr aqueous solution with different

dissolution temperature and time; (a) 25oC for 6hrs, (b) 25oC for 24 hrs, (c) 60oC for 5 min., and (d) 60oC for 6 hrs.

Fig. 4. The maximum draw ratio of regenerated silk fibroin fil-

aments prepared by 9.3 M LiBr aqueous solution with different

dissolution temperature and time; (a) 25oC for 6 hrs, (b) 25oC

for 24 hrs, (c) 60oC for 5 min., and (d) 60oC for 6 hrs.
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know the effect of dissolution conditions on the electro-

spinning performance of regenerated silk fibroins pre-

pared by LiBr aqueous solution. 

The regenerated silk fibroins prepared by different dis-

solution condition were electrospun and their electrospin-

nability was evaluated by FE-SEM observation. As can be

seen in Fig. 5, most silk fibroin samples exhibited a good

electrospinning performance showing a good fiber for-

mation. However, the regenerated silk fibroin at 60oC for

6 hours displayed a slightly unstable electrospinnability.

That is, the thickness of fiber was not even and a bead for-

mation was also observed. This indicates that the

electospinning process of this sample is unstable. Though

the electrospinning and SEM observation were performed

twice to check the reproducibility of result, the same

results were obtained. 

Fig. 5. The electro-spinnability of regenerated silk fibroins prepared by 9.3 M LiBr aqueous solution with different dissolution tem-

perature and time.
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Fig. 6 showed the average diameter of electrospun silk

fibroin fiber prepared by LiBr aqueous solution with dif-

ferent dissolution condition. As can be seen in figure, the

regenerated silk fibroins dissolved at room temperature

((a) and (b)) showed 443 and 451 nm of fiber diameter,

respectively. However, the dissolution temperature

increased to 60oC, the fiber diameter was reduced to 411

and 393 nm. Also, it can be also recognized that the dis-

solution time at 60oC increased, the fiber diameter

decreased from 411 to 393 nm. 

Based on the results of electrospinning of regenerated

silk fibroins, it seemed that there was a difference of elec-

trospinning performance between dissolution conditions.

When silk fibroin was dissolved in LiBr aqueous solution

at room temperature, the electrospinnability was good and

the fiber diameter of electrospun fiber was nearly affected

by dissolution time. However, when silk fibroin was dis-

solved in LiBr aqueous solution at 60oC, the electrospin-

nability became worsen and the fiber diameter was

reduced with increasing dissolution time. This implies

that the prolonged dissolution of silk fibroin in LiBr aque-

ous solution at high temperature (60oC) has a negative

effect of electrospinnability of silk fibroin. Considering a

difference of molecular weight distribution between silk

fibroins with different dissolution condition was not

observed (Fig. 1), the different electrospinnability

between silk fibroins with dissolution condition might be

due to other factor except molecular weight though it can

not be elucidated clearly in this study. The wet spinnabil-

ity was not affected by dissolution temperature and time

while the electro spinnability was. This implies that the

electrospinning is more sensitive process in the spinnabil-

ity than the wet spinning in the range tested in this study. 

On the whole, though the dissolution conditions nearly

affected the regeneration yield, molecular weight, and wet

spinnability of regenerated silk fibroin, they influenced

the electrospinning performance of regenerated silk

fibroin. The reason why the only electrospinnability of

regenerated silk fibroin was affected by the dissolution

condition was not clearly elucidated in this study. There-

fore, an additional future work will be conducted to have

a better understanding for the relationship between dis-

solution condition and spinnability.
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