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In this paper, the regenerated silk fibroin (SF)/

hydroxypropyl methylcellulose (HPMC) blend filaments

were prepared by wet spinning and the effect of

HPMC concentration on the post drawing and morphology

of blend filaments was elucidated. The result of

maximum draw ratio indicated that the wet spinnability

of wet spun SF / HPMC was improved with increasing

HPMC concentration until 8% and remained constant

after that concentration. The SEM observation revealed

that the enhanced wet spinnability of blend filaments

was strongly related to the morphological change by

increasing HPMC concentration. Regardless of HPMC

concentration, as SF content was reduced, the wet

spinnability of blend film decreased resulting in

reduced maximum draw ratio. It was also found by

SEM observation that the cross section of blend

filament deviated from circularity with an increase of

HPMC content.
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Introduction

The regenerated silk fibroin (SF) has attracted researcher’s

attention since the useful properties of SF was reported.

The useful properties include good blood compatibility

(Sakabe et al., 1989), good cell attachment and growing

(Minoura et al., 1995), good immobilization ability for

enzyme (Yoshimizu and Asakura, 1990), and so on. With

these properties, many researches have tried to apply SF

to biotechnological fields (Meinel et al., 2009; Ki et al.,

2008; Lee et al., 2005) including a scaffold for tissue

engineering. 

The preparation of wet spun regenerated SF filament

might be one of good tools to apply SF to various bio-

technological fields because its structure and properties

can be controlled diversely compared to natural SF. With

this reason, many researchers have studied the preparation

of wet spun filament (Ha et al., 2005; Ki et al., 2007; Mar-

sano et al., 2005). Um et al. (Um et al., 2004a, b) fab-

ricated the wet spun SF filament using formic acid

(solvent)/methanol (coagulant) system, successfully. In

the studies, they investigated the effect of coagulation

conditions and post drawing on their morphologies and

structural characteristics of wet spun SF filament. 

However, the mechanical properties of those wet spun

SF filaments were not excellent compared to natural silk

and the manufacturing cost for wet spun SF filament is

much high compared to synthetic fiber. Due to those

drawbacks, the industrialization of SF to various fields

can be restricted. Therefore, the study on the preparation

of SF blend filament has also been performed. Lee et al.

(Lee et al., 2007) prepared and characterized wet spun SF

/polyvinyl alcohol (PVA) blend filaments. They reported

that there was a miscibility between SF and PVA and that

the knot strength of the SF filament could be significantly

improved by blending with PVA. Marsano et al. (Marsano

et al., 2008) fabricated cellulose/SF blend fibers and

reported that cellulose and SF were miscible resulting in

good mechanical properties. 

Hydroxypropyl methylcellulose (HPMC) is obtained by

chemical modification of cellulose. HPMC is a cheap and

non toxic material and it has a high water retention, a well

film forming ability, and a high solution viscosity, etc.
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With those advantages, HPMC has been studied and used

in food, pharmaceutical, and biomedical fields (Gubbins

et al., 2003; Maki et al., 1999; Trojani et al., 2005). In

particular, HPMC has been utilized as a matrix of drug

delivery system. In spite of these useful properties, HPMC

has not been industrialized extensively in biomedical

fields because it could not be fabricated into various

forms, such as fibrous form. However, the preparation of

wet spun HPMC filament has not been reported, yet. The

wet spinning of HPMC has been performed by our

research team, however, a good wet spun filament was not

obtained due to the absence of proper coagulant system. 

Conclusively, the regenerated SF has a good biocom-

patibility and it can be well wet spun, but it is a stiff and

expensive material. On the contrary, HPMC has good

mechanical properties and is a cheap material, while it is

difficult to wet spin HPMC. Therefore, in this study, the

regenerated SF and HPMC were blended to combine the

advantages of each material and to overcome each draw-

backs. The SF/HPMC blend dope was wet spun to find a

new useful natural filament for the application to bio-

medical and biotechnological fields including surgical

suture and scaffold for tissue engineering. In particular, in

this study, the effect of HPMC concentration on the wet

spinnability and morphology of wet spun regenerated SF

/HPMC were examined to have a better understanding of

wet spinning of SF/HPMC blend. 

Materials and Methods

Preparation

To obtain the SF polymer, Bombyx mori cocoons were

degummed with a sodium oleate 0.3% (w/v) and sodium

carbonate 0.2% (w/v) solution at boiling temperature for

1 hr, and then rinsed thoroughly in distilled water and

dried. SF was first dissolved in a tertiary solvent system of

CaCl2/H2O/EtOH solution (1/8/2 mole ratio) for 3 min at

85oC. 

The aqueous SF solution was obtained through the dial-

ysis of the dissolved SF solution in a cellulose tube

(molecular cutoff = 12,000~14,000) against a circulating

water for 4 days at room temperature. The solution was

then dried to obtain regenerated SF film. The SF film was

dissolved in 98% formic acid to produce 20% (w/v) SF/

formic acid solution. HPMC PMA50L was kindly

provided by Samsung Fine Chemicals. The powder was

dissolved in 98% formic acid to produce various

concentrations (6~10%) of HPMC solution. The two

concentrated polymer solutions were filtered through a

nonwoven fabric to remove insoluble particles. Then, the

blend dope solutions were prepared by mixing the two

dope solutions with a certain blend ratio and then filtered

again to produce blend dope solutions for wet spinning. 

Regenerated SF/HPMC blend filaments were spun using

a syringe and syringe pump by extruding the dope solu-

tion through 22-gauge needle into acetone as a coagula-

tion bath. The flow rate of fiber extrusion was controlled

to 20 ml/hr. The blend 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.

Measurement

The wet spinnability was evaluated by the continuity of

spinning and uniformity of spun filament. The results

were obtained by taking the pictures of spun filament in

coagulants by digital camera. As another evaluation tool

of wet spinnability, the maximum draw ratio was measured.

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 20

different parts of each filament sample and the maximum

draw ratio was determined by averaging the 20 results of

measurement. The cross-section of SF/HPMC blend fil-

aments were examined using a Field Emission Scanning

Electron Microscope (FE-SEM) (S-4300, Hitachi, Japan)

after a gold coating. A rotation viscometer (RVDV-I

prime, Brookfield, USA) was utilized for viscosity

measurement of HPMC solutions. The solution viscosity

was measured by spindle no. 4 at 20 rpm and 20oC.

Results and Discussions

In the industrial viewpoint, the wet spinnability is one of

the most important factors of wet spun filament because it

dominates mechanical properties of fiber. In addition, the

coagulation behavior strongly influenced the structural

characteristics and properties of wet spun filament. There-

fore, in this study, the wet spinnability and coagulation

behavior of SF/HPMC blend dope solution were evalu-

ated and the results were presented in Table 1.

As it can be seen in the table, the SF/HPMC blend

showed a good wet spinnability when the SF content was

more than 70%. However, the bead formation was

observed in 50/50 SF/HPMC dope and increased in 30/70.

Pure HPMC (0/100) dope did not produce in fibrous form.

These results are due to the different coagulation behavior

of SF and HPMC in acetone. That is, SF has a good coag-

ulation in acetone, while HPMC does not have.

The wet spinnability can be evaluated also by measur-

ing maximum draw ratio. In general, mechanical proper-
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ties of fiber are improved by drawing process because the

fiber drawing induces the molecular orientation of fiber.

Therefore, a high maximum draw ratio implies that the

fiber can be highly oriented and can have better mechan-

ical properties. Based on these reasons, the maximum

draw ratio has been used as a barometer of fiber spin-

nability. It is generally known that the dope concentration

is the one of factors influencing the fiber spinnability in

wet spinning because it determines the amount of solvent-

out and solution viscosity.

Based on those backgrounds, the regenerated SF/HPMC

blend filament were wet spun using various HPMC

concentrations and the maximum draw ratio of the blend

filaments was measured. Fig. 1 showed the effect of HPMC

concentration on the maximum draw ratio of wet spun SF/

HPMC filaments with various blend ratios. As the HPMC

concentration increased up to 8%, the maximum draw ratio

of SF/HPMC blend filaments increased regardless of

blend ratio and then, the maximum draw ratio remained

constant above 8% HPMC. This result can be explained

by a viscosity effect. When a concentration of polymer

solution increases, its solution viscosity increases significantly

as can be seen in solution viscosity graphs of HPMC

solution with various concentrations (Fig. 2). 

When the blend ratio is fixed, the increase of HPMC

concentration implied the increase of total concentration

of SF/HPMC blend dope solution. When the dope solu-

tion concentration increased, there are two favorable

effects in the wet spinnability. First, as the dope concen-

tration increased, dope viscosity increased which helps

fiber formation with an increase of molecular entangle-

ment. On the contrary, when the dope viscosity decreases,

a disconnection of coagulating dope takes place producing

a bead formation. In addition, when dope concentration

increases, the amount of solvent which should be elimi-

nated during the coagulation, is reduced resulting in a

good coagulation of dope. However, it seems that the

dope concentration has a critical point to improve the wet

spinnability considering that the wet spinnability was not

enhanced further above 8% HPMC concentration. 

The morphology of regenerated SF/HPMC blend fila-

ment, prepared by various HPMC concentrations, was

observed by FE-SEM to have a better understanding of

the role of HPMC concentration on the wet spinning

behavior of SF/HPMC blend and the results of 70/30 SF/

HPMC blend were displayed in Fig. 3. As can be seen in

the figure, 5% HPMC yielded in oval shape. As the HPMC

concentration increased up to 8%, the fiber shape was

changed to be more circular. However, the fiber shape

Table 1. The wet spinnability and the coagulation behavior of regenerated SF/HPMC blend dope with various blend ratios (8%

HPMC solution was blended).

SF/HPMC

Blend ratio
100/0 85/15 70/30 50/50 30/70 0/100

Photo-

graphs

Fig. 1. The effect of HPMC concentration on the maximum

draw ratio of wet spun SF/HPMC filaments with various blend

ratios.

Fig. 2. The viscosity of HPMC solutions with various HPMC

concentrations.
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remained unchanged after 8% HPMC concentration. These

results of fiber morphology are consistent with those of

maximum draw ratio. The increased maximum draw ratio

of blend filament by increasing HPMC concentration

might be attributed to the morphological change consid-

ering the fiber morphology has a key role in determining

post drawing process of filament. That is, a circular fiber

shape has a higher draw ratio while oval or dog bone

shape results in the fiber breakage at lower draw ratio. 

Fig. 4 showed the effect of SF content on the maximum

draw ratio of wet spun regenerated SF/HPMC blend fil-

aments. Regardless of HPMC concentration, the maximum

draw ratio decreased with the reduction of SF content

indicating the wet spinnability is deteriorated by the

addition of HPMC as also revealed in Fig. 1. When the

HPMC concentration decreased, the reduction of

maximum draw ratio was accelerated. The morphological

observation for wet spun fiber can provide more useful

information of wet spinnability of SF/HPMC blend

filaments. Therefore, the SEM observation of SF/HPMC

blend filament with various blend ratios was performed to

have a better understanding for wet spinnability behavior

of SF/HPMC blend filaments and the results were

exhibited in Fig. 5. The wet spun SF filament showed a

circular shape. However, as the HPMC content was

increased, the cross section of filament deviated from the

circularity. Finally, 50/50 SF/HPMC showed a dog-bone

shape. These results have a good consistency with those

of the maximum draw ratio. As the fiber cross section

deviates from the circularity, the fibers become more

easily broken down during the post drawing process. As a

result of that, the maximum draw ratio of fiber becomes

reduced. 

The deviation from circularity by blending with HPMC

might be due to the lack of coagulation of HPMC in ace-

tone as revealed in Table 1. Um et al. reported that the

cross section of wet spun SF filament deviated from cir-

cularity when the coagulation strength of coagulant was

decreased. They found that the cross section of fiber devi-

ated from circularity when R group size of alcoholic coag-

ulant increased (Um et al., 2004a) or water content

increased in methanol aqueous coagulant (Um, 2002).

This phenomenon might be due the fact that the coagu-

lation rate is slower compared to the rate of solvent out of

the dope.

Fig. 3. SEM photographs of 70/30 SF/HPMC blend filament

with various HPMC concentrations; (a) 5% HPMC, (b) 7%

HPMC,  (c) 8% HPMC, and (d) 10% HPMC.

Fig. 4. The effect of SF content on the maximum draw ratio of wet

spun SF/HPMC filaments with various HPMC concentrations.

Fig. 5. SEM photographs of SF/HPMC blend filament with

various blend ratios. 8% HPMC solution was used; (a) 100/0,

(b) 85/15, (c) 70/30, and (d) 50/50.
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Conclusions

In this paper, the regenerated SF/HPMC blend filaments

were prepared by wet spinning and the effect of HPMC

concentration on the post drawing and morphology was

examine to find out a proper HPMC concentration for wet

spinning of SF/HPMC blends. The results of maximum

draw ratio and SEM observation provided useful infor-

mation for the wet spinning of SF/ HPMC. First of all, the

as HPMC concentration increased up to 8%, the maxi-

mum draw ratio was improved regardless of blend ratio.

After 8% HPMC, it remained constant implying that there

is a critical concentration (8%) for enhancing wet spin-

nability. It was turned out that the behavior of wet spin-

nability was strongly related to morphological change by

varying HPMC concentration. As the cross section of fil-

ament was close to the circularity, the maximum draw

ratio increased. This morphological change might be due

to the dope viscosity increase. Therefore, it seems that 8%

HPMC solution is proper for wet spinning of SF/HPMC

blend and the concentration will be used in the following

study. As the SF content is reduced, the maximum draw

ratio decreased due to the morphological change (the

deviation from circularity) resulted from the poor coag-

ulation of HPMC in acetone.

With this information for wet spinning of SF/HPMC,

more detailed study regarding the structural characteris-

tics and thermal behaviors of SF/HPMC blend filament

will be performed as a subsequent study. 
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