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The effect of sample handling condition on the rheo-

logical measurement of regenerated silk fibroin formic

acid solution using parallel plate geometry was inves-

tigated. In case of loading method, the loading by

pouring sample solution resulted in the best reproduc-

ibility of rheological measurement. Loading with

spoon showed a high variance of viscosity value at low

shear rate region (0.01~1 sec-1) while loading with

syringe exhibited a low reproducibility of viscosity at

high shear region (1~100 sec-1) with a disappearance

of shear thinning phenomenon. It was revealed that

the sample loading with small extra amount lead to the

most reproducible result. The sample loading with the

exact amount for the measuring plate resulted in a

lack of reproducibility of high shear viscosity, while

the loading with large extra volume produced a lim-

ited consistency of low shear viscosity. It was turned

out that 3 min. of waiting time before measurement

was the optimum condition for reliable result. When

the waiting time was less than 1 min., the low shear

viscosity was obtained with a lack of consistency. On

the other hand, the sample solution started drying

when the waiting time increased up to 5 min.
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Introduction

The silk has been used as an excellent textile material for

a long time. For several decades, many researchers have

studied the silk to raise its value as a material. As results

of those efforts, it was found that silk and regenerated silk

had useful properties including a blood compatibility

(Sakabe et al., 1989), a good cell attaching and adhesion

ability (Minoura et al., 1995), a low inflammatory reac-

tion in body (Santin et al., 1999), etc. With the findings of

those properties, recently, many studies have been per-

formed on the application of regenerated silk to biotech-

nological fields such as tissue engineering scaffold (Baek

et al., 2008; Fang et al., 2009; Wang et al., 2006), tym-

panic membrane (Kim et al., 2010), wound dressing

(Schneider et al., 2009), etc.

In order to apply the regenerated silk to those applica-

tions, raw silk cocoon should be fabricated to fiber or film

form. The raw silk cocoon is dissolved in solvent to pre-

pare silk solution, and then the silk solution was trans-

formed to fiber or film form by wet spinning, electro-

spinning, or film casting process. During the spinning pro-

cess, the rheology of silk solution is important in fiber fab-

rication because it strongly affects wet- and electro-

spinning process. 

The rheology is a science related to the deformation of

material by force. The rheology dominates the wet and

electro-spinnability since the dope solution should be

deformed properly to micro or nanosized fiber form by

external forces such as pressure and electric force. In case

of electrospinning, if the solution viscosity is too high, the

electric force can not overcome the viscosity resulting in a

failure of spinning. If the solution viscosity is too low,

solution is deformed to discontinuous form leading to a
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bead formation rather than a fiber formation (Deitzel et

al., 2001; Sachiko et al., 2003). Therefore, it can be said

that there is a proper viscosity range for nanofiber fabri-

cation. In the viscosity range, the viscosity determines the

fiber diameter of spun fiber. That is, the diameter of fiber

increased with an increase of dope solution viscosity

(Gupta et al., 2005; Sill et al., 2008). In also wet spinning

and film casting process, similar principle is applied.

Based on the importance of rheology of dope solution, it

has been measured and studied in the research regarding

wet- and electro- spinning process (Mckee et al., 2004).

Recently, silk formic acid dope solution has been utilized

extensively in wet- and electro-spinning because of its

good spinnability (Cho et al., 2010; Jeong et al., 2005; Ko

et al., 2010; Min et al., 2004; Um et al., 2004). However,

the viscosity of silk formic acid solution is relatively low

and the solution is too sensitive to an external force. Espe-

cially, it seems that the force history strongly influences

the rheological measurement of silk formic acid solution.

As a result of that, the reproducibility of rheological mea-

surement of silk formic acid solution is relatively low

leading to a low reliability of result.

Therefore, in this study, the effect of sample handling

condition on the rheological measurement of silk formic

acid solution using parallel plate geometry to find out the

optimum sample handling condition to have reproducible

rheological measurement.

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 hour, and then

rinsed thoroughly in warm distilled water and dried to

obtain a silk fibroin. The silk fibroin was dissolved in

9.3 M LiBr aqueous solution at room temperature for

24 hours. 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 at room temper-

ature for 4 days. The solution was then dried at 60oC and

ground to obtain regenerated silk fibroin powder. The

regenerated silk fibroin films were dissolved in 98% for-

mic acid to produce 12% (w/w) silk fibroin formic acid

solution. The solution was filtered through a nonwoven

fabric twice to remove insoluble particles to use in the

rheological measurement. 

Sample handling

Various sample handling factors were tested to find out

their effect on the rheological measurement of silk fibroin

formic acid solution. First of all, three loading methods, 1)

pouring solution, 2) loading with spoon, and 3) loading

with syringe, were tried. Second, the amount of sample

loading was controlled from 1.8 g to 2.95 g. Last, the

waiting time between the finish of sample loading and the

measurement start was varied from 0 min. to 5 min.

Rheological measurement

The rheology of regenerated silk fibroin formic acid solu-

tion was measured by rheometer (MARS III, Hakke, Ger-

many). A parallel geometry was used and the radius of

plate was 35 mm. Shear viscosity was measured in the

function of shear rate (0.01~100 sec−1). The rheological

measurement was performed at 25oC.

Results and Discussion

The effect of loading method 

The history of force applied to sample before the rheo-

logical measurement strongly influences the result of

measurement. When the solution sample is loaded, it

experiences deformation by an external force. For

instance, if the sample is pouring on the measurement

plate, the gravity will deform the solution state of sample.

In also sampling with spoon, the external force will

deform the molecular state in solution. In case of sam-

pling with syringe, though the amount of sample loading

can be controlled precisely, a high shear force can be

applied to solution.

All those loading methods can not prevent the sample solu-

tion from being deformed by the external force. However, it

is important to know which method can deform solution

sample less and produce a reproducible result. Therefore, the

effect of loading method on the rheological measurement of

regenerated silk fibroin acid solution was investigated.

The regenerated silk fibroin formic acid solution was

loaded with three different methods; loading by pouring,

spoon, and syringe. And then, the steady flow test was

performed 4~5 times using the three loading methods.

The test results were presented in Fig. 1.

The sample loaded by pouring (Fig. 1(a)) showed rel-

atively reproducible result. The sample showed a shear

thinning implying a molecular entanglement of silk

fibroin in formic acid. This means the molecular entan-

glement of silk was not disrupted by the gravity. However,

when the sample was loaded with spoon (Fig. 1(b)), the

viscosity variation at low shear rate region (0.01~1 sec−1)

was high. In case of syringe loading, the shear viscosity

decreased much at even 1.0 sec−1 of shear rate, resulting in

a disappearance of shear thinning. Furthermore, the vari-
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ation of viscosity value at low shear region was high. 

From the results in Fig. 1, the variation of viscosity

value at low shear region is a key point to have repro-

ducible rheology measuring data considering the viscosity

at high shear did not change by the different loading

method. It is natural considering the effect of shear force

on the molecular entanglement in solution. Most polymer

molecules are entangled in concentrated solution. As a

result of the entanglement, a high viscosity at low shear

rate region appeared in steady flow test. However, as the

shear rate increased, the entangled molecules became

unentangled resulting in a decrease of viscosity. There-

fore, when small or steady force is applied to sample solu-

tion, the molecular entanglement keeps unchanged or

changes a little bit. 

It seems that the loading by pouring is the proper loading

method among the tested. The fact that pouring solution on

the plate produced reproducible results, might be due to that

it is the simplest way. In case of the loading with spoon,

when the solution on the spoon is moving to measurement

plate, an irregular force can be applied to the solution by

each experimenter resulting in an irregular disruption of

molecular entanglement of silk. As a result of that, the vari-

ation of viscosity at low shear region can increase. Though

the amount of sample can be controlled easily, the loading

with syringe was turned out to be the worst loading way.

The high variation of viscosity at low shear might be due to

the high shear induced by pushing syringe. That is, when

the sample solution was squeezed out of the syringe, a high

shear force can be applied to sample. Therefore, the dis-

appearance of shear thinning by the syringe loading might

be attributed to that the molecular entanglement was dis-

rupted severely by the high shear force.

The effect of amount of sample loading 

The viscosity is calculated by the ratio of shear stress and

shear rate which are measured in the rheometer. In case of

shear stress, it is determined by the ratio of shear force and

dimension. Therefore, if the sample solution does not

cover the measuring plate, the measured force will be

reduced resulting in a decrease of shear stress and shear

viscosity. On the other hand, if the amount of sample load-

ing is too much, the extra amount of sample will restrict

the deformation of sample in measuring plate leading to a

decrease of shear rate and an increase of shear viscosity.

With those reasons, it is necessary to find a proper amount

of sample loading for reproducible measuring data.

In this study, three different amount of sample were

tested. Fig. 2. exhibited the feature of loaded solutions

between the parallel plate. When 1.8 g sample solution

(Fig. 2(a)) was used, the sample solution covered the plate

exactly. In case of 2.2 g sample (Fig. 2 (b)), there was

Fig. 1. The effect of sample loading method on the steady flow

test result of 12% (w/w) regenerated silk fibroin formic acid

solution; (a) pouring, (b) spoon and (c) syringe.
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small extra solution while 2.95 g solution resulted in large

extra solution sample (Fig. 2 (c)).

Fig. 3. showed the effect of the amount of sample load-

ing on the relationship between shear viscosity and shear

Fig. 2. The photographs of loaded silk solution with various

sample amounts; (a) 1.8 g, (b) 2.2 g and (c) 2.95 g.

Fig. 3. The effect of sample amount on the steady flow test

result of 12% (w/w) regenerated silk fibroin formic acid solu-

tion; (a) 1.8 g, (b) 2.2 g and (c) 2.95 g.
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rate. In case of 1.8 g sample (Fig. 3(a)), though the vari-

ation of viscosity at low shear region (0.01~1 sec−1) was

not high, there was also small variation of viscosity at

high shear region (1~100 sec−1). The variation of viscos-

ity at high shear might be due to a deviation of some sam-

ple from measuring plate by centrifugal force during high

shear force region. That is, as the sample loss is occured at

high shear region, the shear stress is decreased resulting in

a shear viscosity reduction.

On the other hand, 2.95 g solution showed a high vari-

ation of viscosity value at low shear region, while it exhib-

ited little variation of viscosity at high shear region. The

reproducible viscosity at high shear might be attributed to

the absence of sample loss by the centrifugal force

because the amount of sample was much. It seemed that

the variation of viscosity at low shear was due to that the

extra solution suppressed the deformation of sample. 2.2 g

solution showed the best reproducibility of result among

the samples. This sample with small amount of extra solu-

tion did not have a problem of sample loss during the high

shear region. Also, the small extra solution did not restrict

the deformation of sample solution much. Therefore, it

seems a small extra solution is needed to have the repro-

ducibility of measuring data. 

The effect of waiting time before measurement 

Even if the sample loading is conducted carefully, the

deformation of solution sample can take plate. Therefore,

it is necessary to wait a time for silk fibroin molecules to

recover original molecular state from the disentanglement

induced by the sample loading. Based on this background,

the effect of waiting time on the rheological measurement

of silk fibroin formic acid solution was investigated to

find out the optimum waiting time. 

Fig. 4. displayed the steady flow test result of regenerated

silk fibroin formic acid solution with different waiting time

before measurement. As can be seen, 0 and 1 min. (Fig. 4(a)

and (b)) showed a high variation of viscosity result at low

shear region implying that less than 1 min. is not enough for

silk molecules to recover their original state. On the other

hand, 3 min. of waiting time produced a highly reproducible

result as can be seen in Fig. 4(c). This indicated that at least

Fig. 4. The effect of the waiting time on the steady flow test result of 12% (w/w) regenerated silk fibroin formic acid solution; (a)

0 min., (b) 1 min., (c) 3 min. and (d) 5 min.
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3 min. of waiting time was needed to recover silk solution

state. When the waiting time was increased up to 5 min.,

there was a little variation of viscosity at both low and high

shear region. This is due to fact that the exposed solution at

a fringe of measurement region started drying at 5 min. of

waiting time. That is, a thin film was formed on the sample

solution and this prevented a precise rheological measure-

ment. Based on those results, it can be concluded that 3 min.

of waiting time is the optimum waiting time for regenerated

silk fibroin formic acid solution. 

In this study, three sample handling factors, 1) loading

method, 2) amount of sample loading, and 3) waiting time

before measurement, were tested to find out their effects on

the rheological measurement of silk fibroin formic acid

solution and to find the optimum sample handling condition

for the reproducible measuring data. All factors tested here

were turned out to have significant effects on the rheolog-

ical measurement of silk formic acid solution. Therefore,

when the rheology of silk fibroin formic acid solution is

measured using rheometer, those handling conditions should

be considered carefully to obtain reliable result. In the

present study, 1) pouring as a loading method, 2) sample

loading with small extra solution, and 3) 3 min. of waiting

time were elucidated as the optimum conditions for 12%

silk fibroin formic acid solution. However, different type of

silk solution, such as concentrated silk aqueous solution, and

silk solution with different sericin content should be also

examined to find out the operation factors influencing rheo-

logical measurement. Though parallel plate geometry was

used in this study, it is known that a cone and plate geometry

can provide more precise result. Therefore, when the rhe-

ometer with cone and plate geometry is used in silk solution,

it is also necessary to investigate the effect of sample han-

dling on the rheological measurement in the next study. 
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