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In the present study, silk fibroin (SF) was dissolved in CaCl2/H2O/EtOH solution at 85oC. After 
the dissolution, the SF solution was cooled down and stored at 4oC for 28 d. The stability 
of the solution’s viscosity and electrospinnability was observed to examine the stability of 
SF molecules during storage in CaCl2/H2O/EtOH solution. The viscosities of SF/CaCl2/H2O/
EtOH solution and SF formic acid solution did not change during 28 days’ storage of SF in 
CaCl2/H2O/EtOH solution. The electrospinnability of the SF solution, mean diameter of the 
electrospun SF fiber, and crystallinity index of electrospun SF web did not change, regardless 
of the length of the storage period. These results imply that SF molecules do not degrade 
during 28 days’ storage in CaCl2/H2O/EtOH solution. 
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Introduction 

Silk has long been considered an excellent textile material 
because it has good luster and feel (Lee et al., 2016). Recently, 
silk fibroin (SF) has attracted the attention of researchers because 
it has good blood compatibility (Sakabe et al., 1989; Um et 
al., 2002) and excellent cytocompatibility (Minoura et al., 
1995). Owing to these useful properties, SF has been studied 
for biomedical applications including artificial bone substitute 
(Kweon et al., 2011), wound dressing (Lee et al., 2014), 
tympanic membrane (Kim et al., 2010), and membrane for 
guided regeneration (Song et al., 2011). 

To use it in biomedical applications, SF should be fabricated in 
various regenerated forms including microfiber (Cho et al., 2012; 
Kim and Um, 2014; Um et al., 2004), nanofiber (Cho and Um, 
2010; Cho et al., 2012), film (Um et al., 2001), and gel (Cho and 
Um, 2011; Hirabayashi et al., 1990). To fabricate these SF forms, 

degummed silk (i.e. SF) is dissolved in a solvent to prepare a silk 
solution. To allow regeneration of SF for mass production, the 
SF solution should have good stability over long-term storage 
depending on the application. 

With regard to the regenerated SF aqueous solution, SF 
molecules become easily aggregated, which results in the 
precipitation of SF aggregates (Um et al., 2001). Finally, the 
regenerated SF solution forms a gel when it is stored for a long 
period (e.g., several weeks) (Cho and Um, 2010). To solve the 
problem (low solution stability) associated with an SF aqueous 
solution, an SF formic acid solution system has been developed 
and is useful for fiber (Cho et al., 2012; Kim and Um, 2014; Um 
et al., 2004) and film (Um et al., 2001) fabrication. However, for 
applications where regenerated SF aqueous solution is used, the 
SF formic acid solution system is not helpful. 

CaCl2/H2O/EtOH solvent is used to dissolve SF because of its 
good solvation power for SF and low cost. Degummed silk (i.e. 
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Electrospinning of SF

The electrospinning method used was introduced in a 
previous research study (Park and Um, 2015). Regenerated 
SF powder was dissolved in formic acid (98%) and filtered 
using a nonwoven mat to prepare 10 % (w/w) regenerated SF 
formic acid doped solutions. The solution was loaded into a 
plastic syringe with a 21-gauge stainless-steel needle (inner 
diameter = 0.495 mm) at the tip, and electrospinning was carried 
out at a voltage of 20 kV. The tip-to-collector distance and 
feeding rate of dope were 20 cm and 1.4 mL/h, respectively. 

Measurement and characterization

A 10% regenerated SF dope solution was used to measure 
rheological properties. The shear viscosity was obtained by 
using a rheometer (MARS III, Hakke, Germany) with a cone-
and-plate geometry at a 60-mm cone radius and 1º cone angle. 
Measurements were performed at a shear rate of 10 s

−1
 at 25 ºC.

To observe the electrospun fibers at the maximum 
electrospinning rate, field emission scanning electron microscopy 
(FE-SEM, S-4800, Hitachi, Japan) was used after Pt-Pd coating 
of the fibers. Mean fiber diameters were determined by counting 
90 fibers in the SEM data.

Fourier transform infrared (FTIR, Nicolet 380, Thermo Fisher 
Scientific, USA) spectroscopy in an attenuated total reflection 
(ATR) mode was used to examine the molecular conformation 
and the crystallinity index of the electrospun SF webs (Park 
and Um, 2015). The crystallinity index was calculated from 
FTIR data using the intensity ratio of the 1260 cm

−1
 and 

1235 cm
−1

 bands and the following equation:

Crystallinity index(%) = ,

where A1235 cm-1: Absorbance at 1235 cm−1, and
A1260 cm-1: Absorbance at 1260 cm−1.

Results and Discussion

Fig. 1 shows the viscosity of the SF/CaCl2/H2O/EtOH solution 
as a function of storage time. The SF solution showed a viscosity 
of 0.2–0.25 Pa∙s regardless of storage time. This indicates that 
the viscosity of SF solution barely changes over a storage time 

SF) is dissolved in CaCl2/H2O/EtOH solvent, and SF aqueous 
solution is obtained by dialyzing SF CaCl2/H2O/EtOH solution 
to remove CaCl2 and ethanol. It is difficult to improve upon the 
storage stability of regenerated SF aqueous solution. However, 
if the storage stability of SF CaCl2/H2O/EtOH solution is good, 
then aqueous regenerated SF solution can be obtained by 
dialyzing the SF CaCl2/H2O/EtOH solution after it is stored for a 
long period of time.

The solution viscosity of SF solution is well correlated with 
the molecular weight (MW) of SF (Cho et al., 2012). Therefore, 
a change in solution viscosity can be a barometer to evaluate the 
solution stability of SF solution. In addition, the electrospinning 
performance of SF (especially for the mean fiber diameter) is 
more sensitively affected by MW or solution viscosity changes 
in SF rather than by other forms including wet-spinning (Cho 
and Um, 2010). Therefore, in the present study, the viscosity of 
SF solution before and after dialysis, and the electrospinning 
performance of SF according to storage time, were monitored to 
examine the solution stability of SF.

Materials and Methods

Preparation of SF solution and powder

SF solutions were prepared using previously published 
methods (Chung et al., 2015). In brief, Bombyx mori cocoons 
were degummed with a solution containing sodium oleate (0.3% 
[w/v]) and sodium carbonate (0.2% [w/v]) at 100 ºC for 1 h 
(1:25 liquor ratio). After the degumming process, the cocoons 
were thoroughly rinsed with purified water and dried. A ternary 
solvent containing CaCl2/H2O/EtOH (1:8:2 molar ratio) was 
then used to dissolve the degummed silk at 85 ºC for 3 min (1:20 
liquor ratio). After the 3-min dissolution, the SF/CaCl2/H2O/
EtOH solution was cooled using cold water to prevent molecular 
degradation, and stored at 4ºC for different periods (0–28 d) to 
examine the storage stability of the SF solution. 

After storage, the SF solution was dialyzed with a cellulose 
tube (molecular weight cutoff = 12,000–14,000) against 
purified water for 3 d at room temperature. The purified water 
was produced using a water purification system (RO50, Hana 
Science, South Korea) with a reverse osmosis membrane. After 
4 d of dialysis, a regenerated SF aqueous solution was obtained. 
This was dried to prepare regenerated SF powder.
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solution did not decrease until it reached a storage time of 28 d. 
This indicates that there is no change in the MW of SF. This 
might be caused by the two dissolution characteristics of the 
ternary solvent for SF. First, the dissolution power of the ternary 
solvent is increased by increasing the temperature, and the SF 
dissolves when the temperature of the ternary solvent is higher 
than a certain point. Second, the molecular degradation of SF 
takes place with the dissolution of SF in the ternary solvent. 
In this study, SF was dissolved in CaCl2/H2O/EtOH solvent at 
85ºC. After the dissolution was complete, the SF/CaCl2/H2O/
EtOH solution was cooled to room temperature and stored at 
4ºC. As a result, the dissolution and molecular degradation of 
the SF stopped after 3 min of dissolution because of the lower 
temperature. In addition, the unchanged viscosity of the SF 
formic acid solution with different storage times reconfirms that 
molecular degradation of SF did not occur when the SF was 
stored in CaCl2/H2O/EtOH solution at 4ºC. 

Studies on wet- and electrospun regenerated SF have been 
extensively conducted because of SF’s high potential in 
biomedical applications. Both the wet- and electrospun fibers are 
strongly affected by MW because MW determines the rheology 
and viscosity of the dope solution (Cho et al., 2012; Cho and 
Um, 2010; Chung and Um, 2014) . Interestingly, the effect of 
dissolution conditions of SF on electrospinning performance, as 
well as the structure and properties of the resultant fiber (or web), 
is more sensitive than that for wet-spinning. Cho and Um (2010) 
reported that the post-drawing performance (which is intimately 
related to the mechanical properties of the resultant fiber) of wet-
spun SF fiber did not change with the dissolution conditions of 
SF. On the other hand, the mean diameter of electrospun fiber, 
related to the porosity of a web, was slightly changed with the 
dissolution conditions of SF. Since the dissolution conditions 
influence the solution viscosity or MW of regenerated SF, the 
electrospinning performance can be utilized as another barometer 
to examine the solution viscosity stability of regenerated SF with 
different storage times. Therefore, in this study, electrospinning 
of regenerated SF was conducted to examine the solution 
viscosity stability of SF according to the storage time. The results 
are shown in Table 1 and Fig. 3.

Table 1 shows SEM images of electrospun SF mat prepared 
with SF formic acid solution with different storage times in 
CaCl2/H2O/EtOH solution. The SF formic acid solutions showed 
excellent electrospinnability and good fiber formation without 
bead formation. Regardless of the storage time, the morphology 

of 28 d. Fig. 2 shows the effect of storage time on the viscosity 
of 10% SF formic acid solution. The SF solution showed a 
viscosity of 0.6–0.8 Pa∙s during 28 days’ storage, indicating that 
the viscosity does not change during this period. 

A ternary solvent (CaCl2/H2O/EtOH) is one of the most 
powerful solvents for silk. However, the dissolution and 
molecular degradation of SF takes place simultaneously. In 
addition, the molecular degradation of SF takes place the ternary 
solvent constantly by increasing the dissolution time. That is, 
Cho et al. (2012) reported that the molecular degradation of SF 
takes place at even 3 min dissolution in the ternary solvent, and 
MW and the solution viscosity decreases when the dissolution 
time increases. 

In the present study, the viscosity of SF/CaCl2/H2O/EtOH 

Fig. 1. Effect of storage time on shear viscosity at 10 s
-1
 of SF/

CaCl2/H2O/EtOH solution.

Fig. 2. Effect of storage time on shear viscosity at 10 s
-1
 of 10% (w/w) 

regenerated SF formic acid solution.
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Table 1. SEM images of electrospun SF fiber prepared from 10% regenerated SF formic acid solution with different storage times.

Storage time 
(day)

Magnification (x2,000) Magnification (x5,000)

0

7

14

28
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reported that the crystallinity index of electrospun SF web also 
changed depending on the MW of SF. Therefore, the unchanged 
crystallinity index of electrospun SF by storage time reconfirms 
that the MW of regenerated SF does not change with storage in 
CaCl2/H2O/EtOH solution, and that SF molecules do not degrade 
over a 28-d storage period. 

Conclusions

In the present study, SF was dissolved in CaCl2/H2O/EtOH 
solution at 85 ºC. After the dissolution, the SF solution was 
cooled down and stored at 4 ºC for 28 d. The stability of the 
solution’s viscosity and electrospinnability was observed to 
examine the stability of SF molecules during storage in CaCl2/
H2O/EtOH solution. 

The results of the solution viscosity and electrospinning 

of the electrospun SF mat barely changed. Fig. 3 shows the effect 
of storage time on the mean diameter of electrospun SF fiber. 
The mean diameter barely changes based on the storage time. 
The electrospun morphology and mean diameter of electrospun 
SF fiber are intimately related to MW and the solution viscosity 
of regenerated SF (Cho et al., 2012; Cho and Um, 2010; Kim 
and Um, 2014; Ko et al., 2013; Park and Um, 2015). Therefore, 
the unchanged electrospinnability and mean diameter by storage 
time reconfirm that MW and the solution viscosity of regenerated 
SF did not change by storage in CaCl2/H2O/EtOH solution until 
at least 28 d had elapsed. 

The molecular confirmation of regenerated SF has been 
studied using FTIR because the molecular conformation strongly 
affects the physical properties of SF (Um et al., 2001; Kim and 
Um, 2014; Chung and Um, 2014). Fig. 4 shows the FTIR and 
crystallinity index of electrospun SF webs with different storage 
times. Regardless of storage time, the electrospun regenerated 
SF web showed infrared (IR) absorption peaks at 1650, 1520, 
and 1235 cm-1, which correspond to the amide I, II, and III 
bands, respectively. IR absorptions at 1650 and 1235 cm-1 are 
attributed to the random coil conformation, while that at 1520 
cm-1 is a result of the β-sheet conformation of SF. This indicates 
that random coil and β-sheet conformations are mixed in the 
electrospun SF web. This result is consistent with the results of 
previous reports (Park and Um, 2015; Yoon et al., 2013). Neither 
the IR peaks nor the crystallinity index changed based on storage 
time. Chung and Um (2014) reported that the crystallinity index 
of wet-spun SF fiber was changed by the MW of SF. Park (2016) 

Fig. 3. Effect of storage time on mean diameter of electrospun 
regenerated SF fiber.

Fig. 4. (A) FTIR spectra and (B) crystallinity index of electrospun 
SF webs prepared with different storage times (SF concentration and 
feed rate of solution were 10% and 1.4 mL/h, respectively).
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performance indicate that SF molecules do not degrade during 
28 days’ storage in CaCl2/H2O/EtOH solution. Therefore, the 
storage of SF in CaCl2/H2O/EtOH solution can be effectively 
utilized to preserve SF molecules without degradation. 
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