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ABSTRACT: Silk fibroin/alginate blend sponges were ex-
amined through IR spectroscopy, X-ray diffractometry, and
differential scanning calorimetry to determine the structural
changes of silk fibroin. The effects of fibroin/alginate blend
ratios on the physical and mechanical properties were in-
vestigated to discover the feasibility of using these blend
sponges as biomedical materials such as wound dressings.
The compressive modulus of silk fibroin was increased up to
30 kPa, from 7.1 kPa, by blending with alginate. Thermal

crystallization behavior of fibroin induced by heat treatment
was restricted by blending with alginate. In spite of that, the
structural characteristics of fibroin were not changed by
incorporation with alginate. © 2004 Wiley Periodicals, Inc.
J Appl Polym Sci 93: 21742179, 2004
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INTRODUCTION

Silk fibroin (SF) is a typical protein polymer produced
by the silkworm, Bombyx mori. SF has been used as a
textile fiber and surgical suture for thousands of years
because of its unique gloss, handle, and mechanical
properties. Recently, SF has been intensively studied
with respect to diverse usage for biotechnological and
biomedical fields because of its reproducibility, envi-
ronmental compatibility, nontoxicity, and biological
compatibility. Based on its biocompatibility, the pos-
sible uses of regenerated SF have been proposed, in-
cluding substrate for cell culture,"” enzyme immobi-
lization,** and matrix for drug release.” However, the
collective properties, especially mechanical properties
of SF sponges in the dry state, are too weak to handle
SF as wound dressing.

To improve its collective properties, blending with
other polymers is useful. The polymer blend tech-
nique has been used for many years. Some researchers
reported the physical properties of SF films can be
enhanced by blending it with other synthetic or natu-
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ral polymers, such as poly(vinyl alcohol),® chitosan,”
and sodium alginate,® for example.

Sodium alginate (SA), obtained from brown sea-
weeds, is a linear 1,4-linked copolymer of 3-pD-mannu-
ronic acid and a-L-guluronic acid residues. A typical
polysaccharide, SA is known to be nontoxic biocom-
patible polymer. Recently, SA has been investigated in
such uses as matrix for drug delivery,”' scaffold for
specific cell culture,'" and wound dressing,'? for ex-
ample.

The objective of the present work was to study the
structural characteristics and mechanical properties of
SF/SA blend sponges. The molecular conformation
and crystalline structure of SF/SA blend sponges were
investigated through infrared spectroscopy, X-ray dif-
fractometry, and differential scanning calorimetry.
Mechanical properties of SF/SA blend sponges were
measured by mechanical tester.

EXPERIMENTAL
Materials

Raw silk was degummed twice with 0.5% on the
weight of fiber (0.w.f.) marseilles soap and 0.3% o.w.f.
sodium carbonate solution at 100°C for 1 h and then
washed with distilled water. Degummed silk was dis-
solved in CaCl, : H,O : ethanol = 1:8:2 in volume.
The fibroin solution was obtained after dialysis of
dissolved fibroin solution against distilled water for 4
days, and then stored in refrigerator before use.
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Figure 1 FTIR spectra of fibroin/alginate blend sponges:
(@)10:0; (b) 7:3; (c) 5:5; (d) 3:7; and (e) 0:10.

Sodium alginate (SA) was purchased from Wako
Pure Chemicals (Tokyo, Japan) and dissolved in dis-
tilled water at 50°C for 3 h to prepare a 1 wt %
solution.

Preparation of blend film

The casting solutions of SF/alginate blend sponges
were prepared by mixing the aqueous SF and alginate
solutions. Each solution was mixed with weight ratios
of SFto SAtobe 10:0,7:3,5:5,3:7,and 0:10 and
stirred at room temperature for 30 min. The mixed
solution was cast onto polystyrene dishes and lyoph-
ilized to obtain blend sponges.

Measurements

FTIR spectra were obtained using a Paragon 1000 FTIR
spectrometer (Perkin Elmer Cetus Instruments, Nor-
walk, CT) in the spectral region of 1400-500 cm ™.

The X-ray diffraction (XRD) analysis were per-
formed with small-angle X-ray scattering with a gen-
eral area detector diffraction system (GADDS, Bruker
AXS, Karlsruhe, Germany), using Cu-K, radiation
with a wavelength of 1.5418 A, under irradiation con-
ditions of 40 kV and 30 mA.

DSC curves were obtained by use of a TA 2910
instrument (TA Instruments, New Castle, DE) at a
heating rate of 10°C/min and nitrogen gas flow rate of
50 mL/min. The samples were heated first to 150°C
and then annealed at 150°C in a DSC sample pan for
10 min. Second heating scans were run to 400°C after
quenching from 150°C to room temperature.

The mechanical properties of the SF/alginate
sponges were examined by use of a Minimat (Rheo-
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metric Scientific, Piscataway, NJ), using 5 X 5 X 0.5
mm samples, at a crosshead rate of 1 mm/min. The
compressive modulus was calculated as the slope of
the initial linear portion of the stress—strain curve.
DSC curves were obtained with a thermal analysis
instrument (TA 2910) at a heating rate of 10°C/min
and a nitrogen gas flow rate of 50 mL/min.

Morphology of SF/alginate blend sponges was ob-
served through a scanning electron microscope
(LEO1250; LEO Electron Microscopy, now The Nano
Technology Systems Division of Carl Zeiss NTS
GmbH, Oberkochen, Germany) after gold and palla-
dium coating.

RESULTS AND DISCUSSION
FTIR spectra

Many researchers often investigate the conformation
of SF and its blend using FTIR spectroscopy because
the IR spectrum represents typical absorption bands
sensitive to the molecular conformation of SF. The IR
spectra of SF/alginate blend sponges with different
compositions are shown in Figure 1. SF sponges [Fig.
1(a)] showed strong absorption bands at 1651 (amide
I), 1531 (amide II), and 1236 cm ™' (amide IV), which
were attributed to random coil conformation of SF.”'?
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Figure 2 X-ray diffraction patterns of fibroin/alginate

blend sponges: (a) 10:0; (b) 7:3; (c) 5:5; (d) 3:7; and (e)
0:10.
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Figure 3 Compressive stress—strain curves of fibroin/algi-
nate blend sponges.

The hydrogen-bonded amide II band at around 1520
cm ! is also shown in SF sponges and decreased with
an increase of SA. On the other hand, SA [Fig. 1(e)]
showed strong absorption bands at 1620 (-COO-
asymmetric stretching), 1418 (-COO- symmetric
stretching), and 1050 cm ' (CN stretching).'*'> The
characteristic peaks of SF and SA in SF/SA blend
sponges were not changed with blending ratios of the
two polymers because either the two polymers did not
mutually interact or their interaction was too weak to
detect by FTIR spectroscopy.

X-ray diffractometry

The X-ray diffraction patterns of blend sponges reflect
that the crystalline structure of these sponges. There-
fore, to examine the effect of blending ratio on the
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crystalline structure of SF blend sponges, X-ray dif-
fraction patterns of the SF/SA blend sponges were
observed (Fig. 2). SA showed a diffraction peak at 26
= 13.4 A. The X-ray diffraction patterns of the blend
sponges vary with their compositions. These results
indicated that each material did not affect the crystal-
line structure of another material.

Mechanical properties

The representative compressive stress—strain curves of
the SF/alginate blend sponges are shown in Figure 3.
The deformation of SF/SA sponges occurred through
three distinct region: a linear-elastic region, followed
by a plateau of roughly constant stress, leading into a
final region of steeply increasing stress. The compres-
sive modulus of SF and SF blend sponges was calcu-
lated from the stress—strain curves (Fig. 4). The com-
pressive moduli of SF itself and alginate sponge were
7.1 and 45.9 kPa, respectively. Regardless of the blend
ratio, that of SF/alginate blend sponges showed
around 30 kPa, which was much higher that that of SF
itself. The results indicate that the mechanical proper-
ties of SF/alginate blend sponge was dependent on
the existence of alginate, given that alginate is com-
posed of a rigid polysaccharide chain.

According to the tensile properties data of SF blend
films contributed by many researchers,”*'®!” similar
results were reported for the breaking strength of
SF/polysaccharide blend films (including chitosan,
cellulose, alginate, and polyglutamate), which was
generally increased with increasing polysaccharide
content. Considering the mechanical properties of silk
fibroin blend films and sponges, it can be concluded
that polysaccharides are useful additives for improve-
ment of mechanical properties of silk fibroin—based
materials.

50
& 40 |
X
\u-v/ fibroin/alginate
= =7:3
3 30
e}
£
©
=
v 20
0
®
A
a
g fibroin/alginate
O 0 =00

0

fibroin/alginate

fibroin/alginate
=0:10

fibroin/alginate
=3:7

=55

Figure 4 Compressive mechanical modulus of fibroin/alginate blend sponges.
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Scanning electron microscopy

SEM microphotographs of SF/alginate blend sponges
are shown in Figure 5. The SF sponge showed stripe-
type porous morphology. Alginate showed a zigzag-
type porous morphology. Silk fibroin and alginate
blend sponges are macrophase separation mode.

Differential scanning calorimetry

Thermal behavior measured by DSC is closely related
to the structural characteristics of SF blend sponges.
Figure 6 shows the DSC curves of SF/alginate blend
sponges. The SF sponge showed an exothermic peak
at around 125°C, attributed to the thermal crystalliza-
tion of SF, and a strong endothermic peak at about
280°C, attributed to the thermal degradation of SF. On
the other hand, alginate showed a strong characteristic
exothermic peak at around 240°C that is attributed to
the disintegration of the molecular side chains and
main chains.'* With increasing SF content, the charac-
teristic exotherm, originated from alginate, became
broader and shifted to a higher temperature than that
of alginate itself. However, with increasing SA con-
tent, the endothermic peak of SF degradation was
much broader than that of SF itself. Moreover, the
thermal crystallization temperature of SF decreased
and finally disappeared.

The thermal decomposition temperature of silk fiber
is about 350°C, which is detected in the case of well-
oriented fiber containing B-sheet structure.'® Native
and regenerated silk fibroin exhibited a crystallization
exothermic peak at around 200°C and a main degra-
dation endothermic peak at about 280°C.">"'*?% Ac-
cording to our result [Fig. 6(a)], the thermal crystalli-
zation temperature of SF sponges was much lower
than that of SF films. Thermal crystallization induced
by heat is related to the rearrangement of SF molecular
chain segments. The reason that the thermal crystalli-
zation temperature of SF sponges is lower than that of
SF films is not clear but it can be explained that the
rearrangement of molecular chain in SF sponges is
easier than that in SF films. These phenomena are also
expected to relate to the molecular density of SF
sponges, which is lower than that of SF films. More-
over, the exothermic peak of SF/SA blend sponges
decreased with increasing SA content. These results
indicate that the crystallization of SF induced by heat
was limited by incorporation of SA. FTIR spectros-
copy showed that the conformation of SF was not
changed by the incorporation of SA. SEM showed that
the two polymers macrophase separated. Comparing
these results, the molecular chains of SF sponges are
restricted by the rigid polysaccharide chains of SA.
Therefore, we conclude that, although the conforma-
tion of SF blend sponges are random coil structure,
heat treatment did not affect the structural transition
of SF in blend sponges.

2179

CONCLUSIONS

Silk fibroin/sodium alginate blend sponges were pre-
pared and structural and physical properties were
examined with various blend ratios. The structural
and physical properties of SF blend sponges were
investigated using FTIR, DSC, XRD, and SEM. Instru-
mental analysis showed that the conformation of silk
fibroin in silk fibroin blend sponges was not influ-
enced by blending with sodium alginate. On the other
hand, DSC showed that the thermal crystallization of
silk fibroin was interrupted by incorporation of so-
dium alginate. The structural characteristics of silk
fibroin in blend sponges were not affected by blending
with sodium alginate. However, the mechanical prop-
erties of silk fibroin blend sponges increased by blend-
ing with a rigid polysaccharide, sodium alginate.
Therefore, silk fibroin/alginate blend sponges could
be used as wound dressings because of their good
mechanical properties and biocompatibility.

The support of the Korea Science and Engineering Founda-
tion (KOSEF) (grant no. R01-2002-000-00391-0) is gratefully
acknowledged.
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