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ABSTRACT: Dissolution of Antheraea pernyi silk fiber was carried out in a calcium
nitrate solution with various dissolving conditions. The solubility was significantly
dependent on the concentration of calcium nitrate, dissolving temperature, and time.
The proper conditions of dissolution were found as 7M calcium nitrate, 100°C temper-
ature, and 3 h dissolving time. The aqueous solution of A. pernyi silk fibroin was
composed of a mixture of polypeptides with several molecular weights above 14 kDa.
FTIR and XRD showed that regenerated A. pernyi silk fibroin was composed of an
a-helix as well as a random-coil conformation while silk fiber had a traditional B-sheet
structure. The endo—exo transition in the temperature ranges of 228-232°C also
supports these conformations of regenerated silk fibroin film. TGA and DTG curves
showed that the thermal decomposition of regenerated A. pernyi silk fibroin proceeded
by three steps, not dependent on the conformation. The mechanical damping peaks (tan
8) appeared about 227°C with a minor shoulder maximum about 240°C, which were
somewhat lower than those of tussah silk fiber. © 2001 John Wiley & Sons, Inc. J Appl Polym
Sci 82: 750-758, 2001
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INTRODUCTION

A silk protein polymer, produced by silkworms, is
classified into two general groups: domestic (Bom-
byx mori) and wild type (Antheraea pernyi, etc.).
The former has been widely studied as a source of
biomaterials to be used in biotechnological and
biomedical fields because it has good blood com-
patibility, oxygen permeability, and so on."? Dis-
solution of silk fibroin was often required when
nontextile applications were concerned, such as in
the form of a porous membrane, powder, and gel.

Fibroin within the posterior division of the silk
gland in full-grown larvae of the silkworm is an
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aqueous solution. Once the silk fiber was solidi-
fied though a spinning process from the silkworm,
it became a well-oriented and highly crystallized
polymer. Silk fiber behaves like a thermoset poly-
mer, although it is not all crosslinked. Therefore,
concentrated chaotropic salts, which destabilize
proteins in solution and increase the solubility of
proteins,® are required to dissolve B. mori silk
fiber, such as calcium chloride and lithium bro-
mide. The prior solvents that have been used to
dissolve B. mori silk fibroin had difficulty dissolv-
ing A. pernyi silk fibroin due to its strong resis-
tance of chemicals. The main conformation of A.
pernyi silk fiber is an extended antiparallel
B-sheet structure of a hydrogen bond among the
chains through —C=0 and —NH groups. This
intermolecular bonding is sufficiently strong to
prevent the separation of the molecules and,
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Figure 1 Effect of concentration of calcium nitrate on the solubility of A. pernyi silk

fiber treated at 110°C for 3 h.

hence, to resist their dissolution into various
chemicals.

The dissolution of A. pernyi silk fibroin as well
as the properties of regenerated fibroin are impor-
tant from the practical viewpoint of silk fibroin
application for nontextile materials such as for
wound dressing, artificial skin, matrix for cell
culture, and drug delivery. Previously, we
screened chaotropic salts such as magnesium,
zinc, and calcium nitrate to obtain regenerated
silk fibroin film.* The concentrations of regener-

ated silk fibroin in solutions that have been dia-
lyzed to remove most of the salts have been lim-
ited because of the low solubility of silk in pure
water.” The removal of ions may result in the
aggregation of the silk molecules from their solu-
ble state. According to our preparatory experi-
ments, most regenerated silk solutions except cal-
cium nitrate became unstable during dialysis.
The object of the present work was to prepare
regenerated A. pernyi silk fibroin from a calcium
nitrate solution and to investigate the structural
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Figure 2 Effect of temperature on the solubility of A. pernyi silk fiber treated with 7M

calcium nitrate for 3 h.
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Figure 3 Effect of time on the solubility of A. pernyi silk fiber treated with 7M calcium

nitrate.

and thermal properties of regenerated fibroin film
using Fourier transform infrared (FTIR), X-ray
diffraction; (XRD), differential scanning calorim-
etry (DSC), thermogravimetric analysis (TGA),
and dynamic mechanical thermal analysis
(DMTA).

EXPERIMENTAL

Materials

A. pernyi silk fibers were degummed using an
enzymatic degumming method, followed by dis-
solving them in a calcium nitrate solution. A.
pernyi silk fibers were first treated with the
degummed solution (Alcalase 2.5L form Novo In-
dustries Co., 1 g/L; sodium bicarbonate, 5 g/L; and
nonionic surfactant (Ansan, Korea), 1 g/L.) at 55°C
for 60 min. The degummed fibers were washed in
the mixture solution of the nonionic surfactant, 2
g/L, and sodium hydrosulfite, 5%, on the weight of
the fiber and then thoroughly rinsed in warm
distilled water. They were dried at room temper-
ature and stored in a desiccator prior to use.

Solubility

To determine the optimum conditions for the dis-
solution of A. pernyi silk fiber, several dissolution
parameters, such as the concentration of salt,
treatment temperature, and treatment time un-
der stirring, were studied. The weight of the un-

dissolved silk fibroin was filtered through non-
woven fabrics and weighed. The solubility was
calculated with the following equation:

(a) (b) M (c)

Figure 4 SDS-PAGE patterns of regenerated A. per-
nyi silk fibroin dissolved in 7M calcium nitrate at 100°C
for 3 h; M: molecular weight marker; (a—c) regenerated
solution.
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Figure 5 FTIR spectra of (a) A. pernyi silk fiber and (b) its regenerated film.

Solubility of silk fiber (wt %)

= (Wi — WH/Wi X 100

where Wi is the initial weight of silk fiber (g), and
Wf, the residue weight of the silk fiber on the
nonwoven fabrics (g)

Preparation of Regenerated Film

The degummed silk fiber was dissolved in a 7TM
calcium nitrate solution at 100°C for 3 h. The
dissolved solution was dialyzed in a cellulose tube
(molecular cutoff = 3500) against distilled water
for 4 days at room temperature and then cast onto

Intensity (cps)

Figure 6 X-ray diffractograms of (a) A. pernyi silk fiber and (b) its regenerated film.
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Figure 7 DSC thermograms of (a) A. pernyi silk fiber and (b) its regenerated film.

a polystyrene plate as the substrate at 20°C and
40% relative humidity. Film samples of around 30
um were prepared.

Measurements

Polyacrylamide gel electrophoresis (PAGE) was
performed according to Laemmli’s method® on
12.5% polyacrylamide gels containing 0.1% so-
dium dodecyl sulfate (SDS) buffer. The proteins
were stained with Coomasie Brilliant Blue R-250
(Sigma Chemical Co., St. Louis, MO).

FTIR spectra were obtained using a Midac M
series spectrometer (USA) in the spectral region
of 1400-500 cm ™ !. The XRD curve was obtained
using a D-MAX-3 diffractometer (Rigaku Co. Ja-
pan); CuKa radiation with a wavelength of 1.5418
A was used. The scan speed was 0.5°/min and the
range was 20 = 5°-35° under 30 kV and 20 mA.

TGA was run under the flow of nitrogen gas at
a scanning speed of 20°C/min using a Rheometric
Scientific TGA 1000 (USA). DSC curves were ob-
tained on a thermal analysis instrument (TA
2910, USA) at a heating rate of 10°C/min and a
nitrogen gas flow rate of 50 mL/min.

Dynamic mechanical thermal properties were
measured using a Rheometric Scientific DMTA

Mark 4 (USA). The frequency of oscillation was
adjusted to 1 Hz. The temperature range studied
was from 100 to 250°C and the heating rate of the
sample was 4°C/min.

RESULTS AND DISCUSSION

Solubility

Figure 1 represents the solubility of A. pernyi silk
fiber dissolved in various concentrations of a cal-
cium nitrate solution at 110°C for 3 h. A. pernyi
silk fiber was nearly insoluble in a 5M calcium
nitrate solution or less, soluble only in about a 20
wt % in a 6M solution, and nearly 100% soluble in
a melt solution, at about 7M concentration. Even
at a sufficiently high dissolving temperature of
110°C, at least 7M of calcium nitrate is required
for complete dissolution.

A dissolving temperature can affect the disso-
lution of A. pernyi silk fiber. Figure 2 shows the
solubility of A. pernyi silk fiber dissolved in a 7TM
calcium nitrate solution at various dissolving
temperatures for 3 h. The value of the solubility
was only about 10 wt % at 75°C. However, as the
dissolution temperature increased to 100°C, the

Figure 8 TGA and DTG thermograms of silk fibroin: (a) regenerated A. pernyi silk
fibroin film; (b) A. pernyi silk fiber; (¢) B. mori silk fibroin.
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solubility was increased linearly and about 90 wt
% of the solubility could be obtained.

Figure 3 represents the dissolution rate of A.
pernyi silk fiber in a 7M calcium nitrate solution.
As expected, the dissolution rate curves were sig-
nificantly affected by the dissolution time and
temperature. Even when the dissolution time was
prolonged to 12 h, the solubility of silk fiber at
80°C reached only about 55 wt %. According to
this figure, it is recommended that the dissolving
temperature should be at least 100°C for obtain-
ing more than 90% solubility within 2 h.

As shown in Figures 1-3, the solubility was
increased with a higher concentration of salt and
dissolving temperature. However, the degrada-
tion of silk fibroin can occur when the dissolution
conditions are severe. The color of the dissolving
solution became dark brown, changing from pale
yellow. The preferable dissolution conditions of A.
pernyi silk fibroin are a 7M concentration of the
calcium nitrate solution, 100°C temperature, and
3-h dissolving time.

Electrophoresis of Regenerated Solution

SDS-PAGE has been used to elucidate the molec-
ular weight of protein by many researchers. Fig-
ure 4 shows the result of SDS gel electrophoresis
of a regenerated A. pernyi silk fibroin aqueous
solution. The electrophoresis pattern showed sev-
eral stained regions above 14 kDa, suggesting
that regenerated silk fibroin was composed of a
mixture of polypeptides with several molecular
weights.

The molecular weight of tussah silk fibroin,
taken directly from the posterior division of the
silk gland, is known to be 400—450 kDa, whose
value decreased to 220 kDa by a reduction of the
disulfide linkage.” Therefore, it can be concluded
that A. pernyi silk fibroin was extensively depo-
lymerized by scission of the main chains and re-
sulted in the mixture composed of heterogeneous
molecular weights. When the dissolution condi-
tions are severe, regenerated film is not formed
due to a low molecular weight induced by degra-
dation.

FTIR Spectra

IR spectroscopy is a widely used technique to
study the molecular conformation and crystalline
structure of silk protein, because the position and
intensity of the amide bonds are sensitive to the
molecular conformation of fibroin. Figure 5 shows

FTIR spectra of A. pernyi silk fiber and its regen-
erated film. A. pernyi silk fiber shows strong ab-
sorption bands at 1240 (amide III), 965, and 700
cm ! (amide V), assigned to the B-sheet structure,
and 625 cm ™~ ! (amide V), a-helix conformation. On
the other hand, regenerated silk fibroin film
showed strong absorption bands at 1270 (amide
III), 890, and 625 cm ™! (amide V), attributed to
the a-helix conformation, and at 660 cm ! (amide
V), attributed to the random-coil conformation.
The IR spectrum of the silk fiber and film is com-
pletely different due to the conformational change
induced by dissolution.

For a dissolution process to work effectively,
the solution of chaotropic salt first swells the
amorphous part of the compact fibrous structure,
breaks the inter/intrahydrogen bonds among the
crystallines, and, finally, disperses into fibroin
molecules. The conformational change induced by
chaotropic salt from a crystalline to a random-coil
structure was also reported in the case of B. mori
silk fibroin.®? Therefore, considering the IR spec-
tra of regenerated silk fibroin film prepared from
a chaotropic salt solution, the chaotropic salt so-
lution may break the inter/intrahydrogen bonds
among the crystalline structure and transform
the conformation of silk fibroin from a B-sheet to
a random-coil and an a-helix structure.

XRD Curves

XRD curves of A. pernyi silk fiber and its regen-
erated film are shown in Figure 6. Tussah silk
fiber shows the typical characteristic peaks of
B-sheet conformation for A. pernyi silk fibroin at
about 16.4° and 20.0° corresponding to B-sheet
crystalline spacing of 5.40, and 4.43 A, respec-
tively. On the other hand, the regenerated film is
characterized by the presence of two peaks at
11.8° and 22.0°, corresponding to the a-helix crys-
talline spacing of 7.49 and 4.03 A, respectively.
These two peaks exhibit the same characteristics
of native A. pernyi fibroin film, collected from the
posterior division of the silk gland in full-grown
larvae of the silkworm, with an a-helix crystalline
structure.'®~!? The conformation of A. pernyi silk
fibroin film regenerated from a lithium thiocya-
nate solution was also reported as an a-helix crys-
talline structure.!®

The crystalline regions of A. perny: silk fibroin
are composed mainly of —(ala),— sequences.
Poly(1-alanine), a model polypeptide for tussah
silk fibroin, shows strong Debye—Scherrer rings
corresponding to 7.40 and 3.69 A, assigned to the
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Figure 9 Dynamic storage modulus (E’) and tan 6 of regenerated A. pernyi silk fibroin

film.

a-helix structure, and to 5.31, and 4.33 A, as-
signed to the B-sheet structure.'* The spacings of
A. pernyi silk fiber and its regenerated film are
somewhat larger in comparison with those of
poly(L-alanine). This result can be interpreted to a
certain degree of disorder existing within the
crystalline region.

Thermal Properties

The thermal behavior of regenerated silk fibroin
was investigated using DSC and TGA methods.
Figure 7 shows the DSC curves of A. pernyi silk
fiber and its regenerated film. The A. pernyi silk
fiber showed two broad and large endothermic
peaks about 100°C, due to the loss of moisture,
and about 365°C, attributed to thermal degrada-
tion of a well-oriented B-sheet crystalline confor-
mation.'® On the other hand, regenerated film
showed extra peaks of a sharp endotherm about
228°C and sharp exotherm about 232°C. It is
known that the endotherm at 228°C is attributed
to the strong molecular motion within the a-helix
crystals, while the sharp exotherm at 232°C can
be attributed to the crystallization during heating
by forming the B-sheet structure from a random-
coil conformation.'® The broad and major endo-
therm at 355°C is due to the decomposition of
fibroin molecules with unoriented B-sheet confor-
mations.!31?

The DSC data are in good agreement with the
IR spectra and XRD patterns, implying that re-
generated silk fibroin film has a completely dif-

ferent structure from that of silk fiber owing to
the reconformation of silk fibroin molecules in-
duced by dissolution in a chaotropic salt solution.
The thermogravimetric and differential thermo-
gravimetric curves of regenerated fibroin films
are shown in Figure 8(a). The weight loss below
150°C was known to be due to the evaporation of
water. As the temperature increases, the weight
loss (%) of regenerated film is proceeded step-by-
step, depending on a certain temperature range.
According to the TGA curves, thermal decompo-
sition of regenerated A. pernyi fibroin film dis-
plays three main decomposition stages: the first
step, a slight thermal decomposition of the silk
fibroin molecules from 220 to 300°C; the second,
an abrupt decomposition step from 300 to 370°C;
and the third, from 370 to 400°C. The differential
weight loss (DTG) curves provide clear evidence
for the three degradation steps. The maximum
degradation temperature of each step in regener-
ated fibroin film is obtained about 232, 355, and
378°C, respectively.

The weight loss and DTG curves of A. pernyi silk
fiber, as shown in Figure 8(b), were not significantly
changed from those of regenerated fibroin film. On
the other hand, the thermal decomposition behavior
of B. mori silk fibroin film is different from that of A.
pernyi fibroin film. Figure 8(c) shows that the
weight loss of B. mori fibroin film followed a simple
single step of thermal decomposition.

Polymorphs of a crystalline structure and
amino acid composition of A. pernyi silk fibroin
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are different from those of B. mori silk fibroin.
Therefore, the thermal degradation behavior is
expected to be different between B. mori and A.
pernyi silk fibroin. A. pernyi silk fibers and other
silks belonging to the family of Saturniidae
showed decomposition through several steps.!”18
According to the conformation and crystalline
structure obtained from the FTIR spectra (Fig. 5)
and XRD curves (Fig. 6), the structure of regen-
erated film was much different from that of the A.
pernyi silk fiber. In spite of the conformational
difference between the regenerated film and the
silk fiber, thermal decomposition and DTG curves
of the regenerated film were not changed signifi-
cantly from that of silk fiber, indicating that the
change of conformation seems to be little affected
by the thermal decomposition behavior.

DMTA

DMTA is known as a sensitive method to monitor
side/main-chain motion in specific regions and lo-
cal-mode relaxations of silk protein. The dynamic
storage modulus (E') and mechanical damping
(tan 8) of regenerated A. pernyi silk fibroin film
are examined in Figure 9. The storage modulus
begins to drop remarkably around 210°C, reaches
a minimum about 240°C, and then finally in-
creases. On the contrary, the loss tangent in-
creases abruptly about 210°C, reaches a maxi-
mum about 227°C, and then decreases. After
passing though a minor shoulder peak about
240°C, the loss tangent again decreases. The me-
chanical damping peak was somewhat lower than
that of tussah silk fiber, around 260°C.°

In the glass transition region, some molecular
chain segments were frozen-in while some were
free to move. The damping peak is associated
with partial loosening of the polymer structure so
that groups and small-chain segments can move.
The mechanical damping gives the amount of en-
ergy dissipated as heating during the deforma-
tion. In general, the mechanical damping peak is
affected by the molecular orientation, crystallin-
ity, and so on.?°
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