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The regenerated silk fibroin with various molecular

weights (MW) was prepared by different dissolution

condition and the effect of coagulant on the wet spin-

nability of the various MW silk fibroin solutions dis-

solved in formic acid was investigated by the

observation of wet spun filament in coagulant and the

measurement of maximum draw ratio. The observa-

tion on the wet spun filament in coagulation bath

revealed that good fibers without bead were formed in

a high MW and a very high MW silk fibroin samples.

In contrast, beads were observed in the silk fibroin

sample with medium MW. The maximum draw ratio

of wet spun silk fibroin filament decreased with MW

reduction. The decrease of maximum draw ratio in iso-

propanol, acetone, DMF and THF was remarkably

higher than that in methanol and ethanol, indicating

that the coagulant type strongly influenced the wet

spinnability. The two simple evaluation methods used

in this study showed complementary information for

wet spinnability: (a) The observation of filament in

coagulant was effective to check a continuous fiber for-

mation and a bead formation, and (b) the maximum

draw ratio measurement was useful to examine the

post drawing ability related to molecular orientation.

Key words: Regenerated silk fibroin, Wet spinnability,

Coagulant, Molecular weight. 

Introduction

The fabrication of regenerated silk filament has been a hot

issue to researchers for several degrades because not only

regenerated silk filament can be applied to various biotech-

nological fields including surgical suture and tissue engi-

neering scaffold but also it can provide useful information

in the wet spinning of genetic engineered polypeptide mate-

rials. Therefore, many researchers have used various sol-

vent/coagulant systems to prepare the regenerated silk

fibroin filament with similar mechanical properties to nat-

ural silk fiber (Ha et al., 2005; Ki et al., 2007; Marsano et

al., 2005; Um et al., 2004a, b; Mathur et al., 1997; Trabbic

and Yager, 1998). However, their efforts have not been suc-

cessful considering the industrialization of regenerated silk

filament was not accomplished until now. 

Since Um et al. (2004a, b) found that formic acid sol-

vent system was very useful to fabricate a good regen-

erated silk filament, there have been several studies on the

preparation of regenerated silk filament using formic acid

solvent system. Ki et al. (2007) utilized formic acid sol-

vent system to fabricate the wet spun silk filaments and

investigated the effect of residual sericin on the crystal-

lization of silk molecules and mechanical properties of

regenerated silk filament. Lee et al. (2007) studied the silk

fibroin / polyvinyl alcohol (PVA) blend filament using

formic acid system and revealed that the knot strength of

regenerated silk filament could be improved significantly

by mixing PVA. 

Um et al. (2004a) examined the effect of coagulant on

the morphology of wet spun silk filament using silk for-

mic acid dope and reported the coagulant type has a deci-

sive role in determining fiber morphology. The wet

spinnability of regenerated silk fibroin is important

because it affects strongly the mechanical properties of
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wet spun filament. Also, it is expected that the coagulant

might influence the wet spinnability, considering the

coagulant decided the coagulation rate of regenerated silk

fibroin dope as revealed in previous study (Um et al.,

2004a). In spite of that, a subsequent study regarding

coagulant effect has not been performed until now. 

In the meanwhile, various molecular weight (MW)

regenerated silk fibroin was prepared successfully by con-

trolling solvent and dissolution time in our laboratory

(Um et al., 2010). In the study, it was turned out that

9.3 M LiBr aqueous solution produced the highest MW

silk fibroin. The MW of silk fibroin was decreased when

it was dissolved in CaCl2/H2O/EtOH (mole rato = 1/8/2)

mixed solution and the MW reduction was accelerated by

increasing dissolution time. While a higher MW silk

fibroin obtained by dissolution in 9.3 M LiBr solution is

good for better mechanical properties of wet spun silk fil-

ament, the dissolution method has a disadvantage that it

costs much more than the dissolution in CaCl2/H2O/

EtOH. Therefore, it is meaningful to investigate the effect

of coagulant on the wet spinnability of silk fibroin with

various MWs. 

Conclusively, in this study, the effect of coagulant on

the wet spinnability of regenerated silk fibroin with var-

ious MWs was investigated as a preliminary study to

explore the preparation method for the wet spun silk fil-

ament with good mechanical properties. 

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 a boiling temperature for 1 hr, and then rinsed

thoroughly in warm distilled water and dried to obtain a

silk fibroin. The silk fibroins were dissolved by 3 different

dissolution conditions to prepare 3 different MW

regenerated silk fibroin as introduced in previous study

(Um et al., 2010). A very high MW silk fibroin was

obtained by dissolving silk fibroin in 9.3 M LiBr aqueous

solution at room temperature for 24 hours. A high MW

silk fibroin and a medium MW silk fibroin were prepared

by dissolving silk fibroin in CaCl2/H2O/EtOH mixed

solution (mole ratio = 1/8/2) for 3 min and 30 min,

respectively. The aqueous silk fibroin solutions were

obtained through the dialysis of the dissolved silk fibroin

solutions in a cellulose tube (molecular cutoff = 12,000

~14,000) against a circulating pure water for 5 days at

room temperature. The solution was then dried at 60oC

and ground to obtain regenerated silk fibroin powder. 

The regenerated silk fibroin films were dissolved in

98% formic acid to produce 11~14% (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 fila-

ments were spun using a syringe and syringe pump by

extruding the dope solution through 22-gauge needle into

various coagulation baths. Methanol, ethanol, isopropanol,

acetone, dimethylformamide (DMF), and tetrahydrofuran

(THF) were used as the coagulant. The flow rate of fiber

extrusion was controlled to 20 ml/hr. The wet spun silk

fibroin filaments were left in the coagulant for 1 hour to

allow the solvent (formic acid) to diffuse out completely

from the filament, and then stored in water for 23 hours

before maximum draw ratio measurement. 

Measurement

The wet spinnability was evaluated by the observation on

the wet spun filament in coagulant and the maximum

draw ratio measurement. The photographs of wet spun

silk filament in coagulant was obtained using digital cam-

era (IXUS 980 IS, Canon Inc., Japan) The maximum draw

ratio 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 20

different parts of each filament sample and the maximum

draw ratio was determined by averaging the 20 results of

measurement. 

Results and Discussions

The wet spinnability of polymer dope solution can be

evaluated by many methods. First of all, the observation

on the continuality of filament and the bead formation can

be a good way to decide the wet spinnability. If a polymer

dope is not spun continuously, the polymer can not be

used as a fiber form. Also, when beads are present on the

wet spun filament, the filament will be disconnected eas-

ily by a external force external force. Therefore, the obser-

vation on the fiber continuality and the bead formation on

the fiber can be a simple, but a powerful evaluation

method. The method has been utilized by several

researchers to check the wet spinnability of polymer dope

(Lee et al., 2008; Um, 2008). The measurement of max-

imum draw ratio is another effective evaluation method

for wet spinnability. It is because the draw ratio of fila-

ment strongly influences the fiber orientation which dom-

inates the mechanical properties of fiber. Therefore,

practically, how long the filament can be stretched is a

good criterion to evaluate the spinnability. Though the

fiber formation seems to be done uniformly by the obser-

vation of naked eyes, the filament might be disconnected
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even at a low draw ratio, if there are small defect on fiber

or uneven fiber morphology. 

Conclusively, in this study, the observation on the con-

tinuality of filament and the bead formation, and the max-

imum draw ratio measurement were performed to

investigate the wet spinnability of regenerated silk fibroin

coagulated in various coagulants. 

Table 1 showed the feature of wet spun regenerated silk

fibroin filaments with different molecular weight when

alcoholic coagulants were used. As can be seen in the

table, a very high MW silk (obtained from dissolution in

9.3 M LiBr aqueous solution) and a high MW silk

(obtained from dissolution in CaCl2/H2O/EtOH solution

for 3 min) showed a good fiber formation without bead

regardless of the coagulant type. However, a medium MW

silk (obtained from dissolution in CaCl2/H2O/EtOH solu-

tion for 30 min) resulted in continuous fiber formations as

well as bead formations. This result indicated that the wet

spinnability of regenerated silk fibroin was deteriorated

with a decrease of silk fibroin MW. 

In the meanwhile, methanol and ethanol produced a

similar wet spinning performance. However, it seemed

that isopropanol yielded thinner filaments. Um et al.

(2004a) revealed that the coagulation rate of silk dope

solution was reduced with an increase of R group size of

alcohol (R-OH). Therefore, the thinner wet spun filament

from isopropanol might be due to the low coagulation

rate. 

Table 2 exhibited the effect of non alcoholic coagulants

on the wet spinning behavior of regenerated silk fibroin

with different MW. The three coagulants, acetone, dim-

ethylformamide (DMF), and Tetrahydrofuran (THF) resulted

in a good fiber formation when the very high MW silk and

the high MW silk were used. However, the medium MW

silk resulted in filament with many beads. This result is

similar to that of alcoholic coagulant. 

In case of methanol/water mixture coagulant (Table 3), it

seemed that there was no change of wet spinning behavior

when 10% (v/v) water was added into methanol coagulant.

This indicated that 10% (v/v) of water addition into meth-

anol nearly affect the wet spinning behavior of silk fibroin.

For reference, 20% water/methanol coagulant did not coag-

ulate silk fibroin effectively not resulting in fiber formation.

In addition to the observation of fiber formation, the

maximum draw ratio was measured to examine the wet

spinnability of regenerated silk fibroin in more detail. Fig. 1

Table 1. The effect of alcoholic coagulants on the wet spun feature of various MW silk fibroins in coagulation bath

  Silk sample

(concentration)

Coagulant

Very high MW

silk fibroin

 (11% SF) 

High MW

 silk fibroin

(14% SF)

Medium MW

silk fibroin

(14% SF)

Methanol

Ethanol

Isopropanol



148 Young Jin Yoo et al.

showed the effect of alcoholic coagulants on the maxi-

mum draw ratio of wet spun regenerated silk fibroin with

various MWs. Methanol and ethanol produced 3.5~5

draw ratios regardless of silk fibroin MW, while isopro-

panol yielded 1 draw ratio for medium MW of silk

fibroin. As also shown in Table 1, it seemed that the wet

Table 2. The effect of non alcoholic coagulants on the wet spun feature of various MW silk fibroins in coagulation bath

 Silk sample

(concentration)

Coagulant

Very high MW 

silk fibroin

 (11% SF) 

High MW

 silk fibroin

(14% SF)

Medium MW

silk fibroin

(14% SF)

Acetone

DMF

THF

Table 3. The effect of methanol/water mixture coagulant on the wet spun feature of various MW silk fibroins in coagulation bath

 Silk sample

(concentration)

Coagulant 

Very high MW 

silk fibroin

 (11% SF) 

High MW

 silk fibroin

(14% SF)

Medium MW

silk fibroin

(14% SF)

Methanol

Methanol/water

90/10
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spinnability of silk fibroin dope was deteriorated with a

decrease of silk fibroin MW. In addition to MW effect, the

coagulant seemed to have a decisive role in the post draw-

ing ability. That is, in the case of methanol and ethanol,

medium MW silk sample showed a little reduction of

maximum draw ratio. On the other hand, the maximum

draw ratio of medium MW silk filament decreased sig-

nificantly when isopropanol was used as a coagulant. 

In non alcoholic coagulants, the similar trend was

observed as can be seen in Fig. 2. As the MW of silk

fibroin decreased, the maximum draw ratio was reduced

reconfirming that the MW of silk fibroin strongly affected

the wet spinnability of silk fibroin dope solution. Con-

sidering methanol and ethanol resulted in a slight decrease

of maximum draw ratio with a decrease of silk fibroin

MW, it seemed that the methanol and ethanol are better

coagulants for regenerated silk fibroin solution than ace-

tone, DMF, and THF. 

Fig. 3 exhibited the effect of water addition to methanol

on the maximum draw ratio of wet spun regenerated silk

fibroin filament. It seemed that the effect of water addition

(10%) to methanol was negligible. 

In this study, the two methods, the observation on the

wet spun filament in coagulation bath and the maximum

draw ratio measurement, were utilized to evaluate the wet

spinnability of regenerated silk fibroins. As a result of

that, it was turned out that the two methods provided com-

plementary information for the wet spinnability of regen-

erated silk fibroin solution. The observation of spun fiber

in coagulation bath was effective to examine the bead for-

mation and the continuous fiber formation while it did not

give any information about the drawing ability of spun

fiber. On the other hand, the maximum draw ratio mea-

surement did not provide the information for bead for-

mation whereas it effectively gave the information about

the drawing ability of fiber. For example, the very high

MW silk fibroin and the high MW silk fibroin coagulated

in acetone, DMF, and THF showed a good fiber formation

without bead formation as coagulated in methanol and

ethanol. However, they displayed different post drawing

ability in the maximum draw ratio measurement. There-

fore, it seems that those two simple methods can be uti-

lized complementally for a preliminary study on the wet

spinnability of silk fibroin. 

In this paper, the effects of coagulant and MW of silk

Fig. 1. The effect of alcoholic coagulants on the maximum

draw ratio of wet spun regenerated silk filament with various

MWs.

Fig. 2. The effect of non-alcoholic coagulants on the maximum

draw ratio of wet spun regenerated silk filament with various

MWs.

Fig. 3. The effect of methanol/water mixture coagulant on the

maximum draw ratio of wet spun regenerated silk filament

with various MWs.
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fibroin on the wet spinnability of regenerated silk fibroin

were investigated as a preliminary study to understand the

factors affecting the wet spinnability of silk fibroin. As the

MW of silk fibroin was reduced, beads were formed

regardless of coagulant type. In case of maximum draw

ratio, it decreased depending on the coagulant type as

MW of silk fibroin decreased. In case of methanol and

ethanol, the maximum draw ratio nearly changed with a

decrease of MW indicating that those were good coagu-

lants for silk fibroin. However, isopropanol, acetone,

DMF, and THF resulted in a constant decrease of maxi-

mum draw ratio with silk fibroin MW reduction implying

that those are not effective coagulant for silk fibroin.

In this study, the wet spinnability of silk fibroin solution

with various MWs and coagulants was studied using the

observation on wet spun filament and the maximum draw

ratio measurement. However, it can be considered a pre-

liminary research to find a good wet spun silk filament. It

is because the only good fiber formation without bead and

high maximum draw ratio can not guarantee the good

mechanical properties of wet spun silk filament. The mea-

surement of the degree of molecular orientation induced

by post drawing and the mechanical properties of wet

spun filament would be more important and direct factors

to find a good regenerated silk fibroin filament. Therefore,

those issues will be investigated in the next study. 
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