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Abstract

Recently, many studies have been undertaken on the wet spinning and electrospinning of
silk because wet-spun fibers and electrospun webs of silk can be applied in the biomedical
and cosmetic fields owing to the good biocompatibility of silk. The rheological properties of
silk solution are important because they strongly affect the spinning performance of the silk
solution and the structures of resultant fibrous materials. Therefore, as a preliminary study
on the effect of solvent composition on the rheological properties of silk fibroin (SF) solution
and structure of the resultant film, in the reported work, methanol was added to the SF formic
acid solution. A small amount of methanol (i.e. 2%) added to the SF formic acid solution
significantly altered the rheological properties of the solution: its shear viscosity increased
by 10 folds at low shear and decreased on increasing the shear rate, demonstrating shear
thinning behavior of the SF solution. Dynamic tests for the SF solution indicated that the
addition of 2% methanol altered the viscous state of the SF formic acid solution to elastic.
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Introduction

Silk has attracted the attention of researchers in biomedical
and cosmetic applications because silk offers useful properties as
a biomaterial such as blood compatibility (Sakabe et al., 1989;
Um et al., 2002), good cell adhesion and proliferation (Minoura
et al., 1995), and low inflammatory reaction in a body (Meinel et
al., 2005).

To apply silk in the biomedical and cosmetic fields, silk is
tailored into various forms. Therefore, recently, studies on

electrospun silk webs and wet-spun silk have been conducted

extensively because fibrous and porous silk materials can be
fabricated by wet-spinning and electrospinning (Cho et al., 2012;
Chung and Um, 2014; Ha ef al., 2005; Ko et al., 2018; Park and
Um, 2018).

Rheological properties of silk solution are among the important
factors that affect the wet- and electro-spinning performance of
silk. For instance, it has been reported that the fiber diameter,
porosity, and electrospinning rate of electrospun silk web are
strongly dependent on the viscosity of silk dope (Park and Um,
2018; Jang and Um, 2015; Kim and Um, 2014; Park and Um,
2017; Yoon et al., 2013). This suggests that we can control the
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wet- and electro-spinning performance of silk solution if we can
alter the rheological properties of the silk solution. The solvent
is one of the crucial factors affecting the rheological properties
of the silk solution. Cho et al. (2012) and Jo and Um (2015)
reported that the rheological properties of silk solution in water
and formic acid are quite different.

In the reported study, as a preliminary investigation of the
effect of solvent composition on the rheological properties of
silk solution, methanol was added to a silk fibroin (SF) formic
acid solution and the rheological properties of the regenerated
SF solution and molecular conformation of the resultant SF film

were examined.

Materials and Methods

Preparation

The regenerated SF was prepared by using a method reported
previously (Cho ef al., 2012; Chung et al., 2015; Park and Um,
2018). Briefly, Bombyx mori silk cocoons were degummed with
a sodium oleate (0.3% (w/v)) and sodium carbonate (0.2% (w/
v)) solution at 100 °C for 1 h and the liquor ratio was set at
1:25. After the degumming process, the cocoons were rinsed
thoroughly with purified water and dried at 105 °C. The purified
water was obtained using a water purification system (ROS50,
Hana Science, South Korea) with a reverse osmosis membrane.

To prepare regenerated SF samples, the degummed silk was
dissolved in a ternary solvent containing CaCl/H20/EtOH (1/8/2
molar ratio) at 85 °C for 3 min. For dissolution, a liquor ratio of
1:20 was used. After dissolution, the SF solutions were dialyzed
with a cellulose tube (molecular weight cut off = 12,000-14,000)
against circulating purified water for 4 days at room temperature.
The regenerated SF solutions were then dried to obtain the
regenerated SF powders.

To prepare a 9% (w/w) regenerated SF formic acid solution,
the regenerated SF powders were dissolved in 98% formic acid
at 250 rpm for 3 h. A 9% (w/w) regenerated SF formic acid/
methanol (98/2) solution was prepared by adding methanol to the
regenerated SF formic acid solution.

20 mL aliquots of 9% (w/w) regenerated SF solutions (100/0
and 98/2 formic acid/methanol) were poured into petri-dishes in

fume hoods to prepare regenerated SF films.

Int. J. Indust. Entomol. I I E
Vol. 40, No. (1), pp. 28-32 (2020)
Measurement and characterization

9% regenerated SF solutions with different solvent
compositions were used for the rheological measurements. The
shear viscosity was measured by a rheometer (MARS 111, Hakke,
Germany) using a cone and plate geometry with a shear rate of
0.1-100 s™ at 20 °C. The radius and angle of the cone were 60
mm and 1°, respectively. Frequency sweep tests were conducted
to evaluate the complex viscosity of the SF solutions. The
angular frequency ranged from 0.1 to 100 rad/s at 20 °C with a
strain of 0.1% (Jo and Um, 2015; Park and Um, 2015).

A Fourier transform infrared spectrometer (FTIR, Nicolet
380, Thermo Fisher Scientific, USA) was operated in the
attenuated total reflection mode to examine the molecular
conformation and crystallinity index of the regenerated SF films
(Park et al., 2019a, 2019b; Park and Um, 2018). The crystallinity
index was calculated from the FTIR spectrum as the ratio of the
intensity of the peaks at 1260 and 1235 cm™ using Eq. 1.
ilzsocm" % 100 )

1235cm!

Crystallinity index(%) =

where Anssen™ is the absorbance at 1235 cm™ and Aizsoem is the
absorbance at 1260 cm™.

Results and Discussion
Rheological properties of SF solution

Fig. 1 shows the steady-state flow of the regenerated SF
solution with different solvent compositions. The SF formic
acid solution (i.e. 100/0 formic acid/methanol) showed almost
Newtonian flow behavior consistent with previous reports (Chung
and Um, 2014; Park and Um, 2015; Jang and Um, 2015). In
the case of the 98/2 formic acid/methanol SF solution, the
shear viscosity at 0.1 s" increased remarkably (i.e., 10 fold) and
decreased on increasing the shear rate, showing shear thinning
behavior. As can be seen in Fig. 2, the complex viscosity of
regenerated SF solutions according to the angular frequency
showed a very similar trend as the shear viscosity of the SF
solution. This indicates that a dynamic test can be utilized to
examine the steady-state flow of SF solutions.

It is interesting to note that addition of only 2% methanol
in formic acid results in a significant change in the steady-

state flow of the SF formic acid solution. Formic acid has been
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Fig. 1. Effect of methanol addition on steady state flow of 9% (w/w)
SF formic acid solution.
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Fig. 2. Effect of methanol addition on complex viscosity of 9% (w/w)
SF formic acid solution.

used as a good solvent for regenerated SF. Therefore, it has
been extensively used in wet-spinning and electro-spinning
of regenerated SF solutions (Jang and Um, 2015; Ki et al.,
2007; Kim and Um, 2014; Ko et al., 2018). On the other hand,
methanol has been used as an effective coagulant for wet-
spinning of SF because it is non-solvent for SF (Um et al., 2004;
Jang and Um, 2015). Therefore, a significant increase in the SF
solution with 2% methanol might be due to the aggregation or
flocculation of SF molecules in formic acid. In other words, SF
molecules in formic acid becomes aggregated or flocculated
owing to methanol raising the viscosity in the low-shear region
(ie. 0.1 s' or rad/s). As the shear rate is increased, the aggregate
or floc of SF molecules induced by methanol becomes disrupted
leading to a decreased viscosity. As a result, in the high-shear
region (i.e. 100 s™ or rad/s), the shear viscosity of the SF formic
acid solution with 2% methanol becomes very similar to the
shear viscosity of SF formic acid solution.

To examine the SF solution state depending on the solvent
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Fig. 3. Effect of methanol addition on dynamic test results of 9% (w/
w) SF formic acid solution: (A) 100% formic acid solution and (B)
98/2 formic acid/methanol solution.

composition in more detail, the viscoelasticity of SF solutions
was evaluated by dynamic tests. As can be seen in Fig. 3(A), in
the case of the 100% formic acid SF solution, G” was higher
than G’ in the range of 0.1-30 rad/s. This implies that the viscous
state (i.e., liquid phase) was more dominant in this sample. On
the other hand, in the case of the 98/2 formic acid/methanol
solution, a crossover point appeared at ~0.6 rad/s, i.e., at low
shear (<0.6 rad/s), G’ was higher than G”, indicating an elastic
state (i.e., solid state) more evidently for this sample. This result
supports the assumption that aggregation or flocculation of SF
molecules occur for a 2% methanol content.

The results of the rheological measurements for regenerated
SF solutions with different solvent compositions indicate that the
viscosity of the SF solution, which is an important parameter in
the wet- and electro-spinning of SF, can be changed by varying
the solvent composition, even though only 2% methanol addition
was tested. It is thought that it is necessary to examine the effect
of various solvent compositions on the rheological properties of

the SF solution in the subsequent studies.



Molecular conformation of SF film

Fig. 4 displays the FTIR spectra of regenerated SF films
cast from 100% formic acid and 98/2 formic acid/methanol.
Regardless of the solvent composition, both SF films showed IR
absorption peaks at 1620 cm ' and 1510 em , and a shoulder at
1260 cm’” attributed to f-sheet conformation (Park ef al., 2019a,
2019b; Park and Um, 2018). Considering that formic acid and
methanol induces B-sheet crystallization of SF (Um et al., 2001),
this result is not surprising. A more important issue is the effect
of solvent composition on the amount of B-sheet crystallite
formation in SF films (i.e., crystallinity of SF film).

Therefore, the crystallinity index was calculated from IR peaks
in the amide III band and the results are shown in Fig. 5. As can
be seen in figure, it was hard to recognize the difference in the
crystallinity indices of the two films. Considering 2% addition
of methanol altered remarkably the rheological properties of silk
formic acid solution, it is interesting to note that 2% addition of
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Fig. 4. FT-IR spectra of regenerated SF films cast from (A) 100%
formic acid solution and (B) 98/2 formic acid/methanol solution.
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Fig. 5. Crystallinity index of regenerated SF films cast from different
solvent compositions.
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methanol did not change the crystallinity index of regenerated
SF film cast from formic acid. This might be due to the different
role of methanol and formic acid against solution state of SF
and crystallization of SF. That is, as for the solution state of
SF, formic acid is a good solvent for SF, whereas methanol is
a bad solvent (i.e. non-solvent). Therefore, only 2% addition
of methanol results in formation of floc or aggregate of SF
molecules. One the other hand, formic acid only does not lead
floc or aggregation of SF molecules.

However, as for the crystallization of SF, it has been reported
that formic acid and methanol are effective crystallization agents
for SF. Owing to similar crystallization character of formic acid
and methanol for SF, 2% addition of methanol does not lead to a
change of crystallinity index of SF film cast from formic acid.

Conclusions

In this study, as a preliminary investigation of the effect of
solvent composition on the rheological properties of regenerated
SF solution was conducted, wherein methanol was added into
SF formic acid solutions and the rheological properties were
determined and the molecular conformation of resultant SF films
was examined.

It was found that the rheological properties of the SF solution
changed remarkably on the addition of 2% methanol. On the
other hand, the addition of 2% methanol barely affected the
molecular conformation of the resultant regenerated SF films.

The results obtained in this study indicate that the rheological
properties of the SF solution, which determine the wet- and
electro-spinning performance, can be controlled by manipulating
the solvent composition. Therefore, more detailed and systematic
studies on the effect of solvent composition on the rheological
properties of SF solution should be conducted in the future to
gain control over the fiber spinnability of SF solutions.
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