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ABSTRACT

The rapid manufacture of silk fibroin gels in mild conditions is an important subject in the field of silk-based biomate-
rials. In this study, the gelation of Antheraea pernyi silk fibroin (ASF) aqueous solution was induced by shearing,
without chemical cross-linking agents. Simple shearing controlled and accomplished the steady and rapid conforma-
tional transition to f-sheets with ease. The conformational transformation and rapid gelation mechanisms of ASF in-
duced by shearing were tracked and analyzed by circular dichroism spectrometry, Fourier transform infrared spectros-
copy and X-ray diffractometry, then compared with Bombyx mori silk fibroin (BSF). ASF quickly formed hydrogels
within 24 - 48 h after shearing under different shearing rates for 30 - 90 min, resulting in sol-gel transformation when
the f-sheet content reached nearly 50%, which is the minimum content needed to maintain a stable hydrogel system in
ASF. The gel structures remained stable once formed. The rapid gelation of ASF through shearing compared with BSF
was achieved because of ASF’s alternating polyalanine-containing units, which tend to form a-helix structures sponta-
neously. Further, the entropic cost during the conformational transition from the a-helix to the f-sheet structure is less
than the cost of the transition from the random coil structure. This method is a simple, non-chemical cross-linking ap-
proach for the promotion of rapid gelation and the protection of the biological properties of ASF, and it may prove use-
ful for application in the field of biomedical materials.
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1. Introduction mammalian cells [11,12]. Based on these features, inter-
est has arisen in the use of ASF as an advanced bio-
medical application material in such fields as cell culture
substrates and tissue engineering scaffolds [13-15]. For
example, Patra ef al. [16] evaluated the potential applica-
tion of A. mylitta silk fibroin as a biomaterial for three-
dimensional (3D) cardiac tissue engineering scaffolds.
The results showed that A. mylitta silk fibroin was supe-
rior to BSF due to its RGD.

Hydrogels, both synthetic and natural, are a class of
highly hydrated polymeric materials [17]. They can main-
tain a distinct 3D porous structure with mechanical and
structural properties similar to the properties of many
natural tissues and extra-cellular matrices [18]. As an
important biomaterial form, SF hydrogels have been of
interest for tissue engineering [19] and drug/growth fac-
tor delivery [20]. It is generally believed that SF in
aqueous solution undergoes self-assembly into S-sheet
“Corresponding author. structures and forms hydrogels in vitro. However, very

Silk fibroin (SF) is a natural structural protein excreted
from domestic (Bombyx mori) or wild silkworms. The
former has been widely used in the textile industry for
thousands of years due to its outstanding mechanical pro-
perties [1]. In recent years, the impressive biocompatibil-
ity and biodegradation properties [2,3] of Bombyx mori
silk fibroin (BSF) have made it a popular starting mate-
rial for tissue engineering scaffolds, such as blood [4],
skin [5], bone [6], ligament [7], nerve [8] and cornea [9],
and for controlled drug release delivery [10]. As one of
the most common species of wild silkworms, Antheraea
pernyi silk fibroin (ASF) is characterized by more Ala,
Arg and His and fewer Gly amino acid residues than
BSF. It also contains the tripeptide sequence Arg-Gly-
Asp (RGD), which is known to be the receptor of cell
integrins and to mediate special interactions between
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long time may be required for the spontaneous gelation
of SF, which limits its clinical application. SF hydrogels
can also be produced by physical stimulants through
hydrophobic/hydrophilic interactions [21], such as low
pH, high temperature, high ionic strength, ultrasonication
or vortex in vitro [22-25], but these harsh conditions may
alter cell function and affect cell viability [26]. Several
chemical additives have also been used to shorten the
gelation time of SF, but the resultant hydrogels may suf-
fer from the inherent toxicity of the cross-linking addi-
tives [27-29]. It has been reported that shearing was sig-
nificantly more powerful than ultrasonic shaking for
promoting the conformational transition from the random
coil to the f-sheet of the BSF aqueous solution [30]. That
is, a steady and rapid conformational transition can be
easily accomplished by simple shearing.

ASF could be used in tissue engineering scaffolds and
bioactive controlled release carriers if the sol-gel trans-
formation could be completed rapidly under mild condi-
tions. We have previously reported that the gelation time
of ASF decreased with increasing ASF concentration and
temperature [31], accompanied by an observable con-
formational transformation to S-sheets during the process
of gelation. In this work, a simple physical method for
promoting ASF gelation was developed by shearing un-
der mild conditions, avoiding the complications and in-
herent toxicity to cells or cytokines caused by unpurified
or remaining cross-linking additives, with emphasis on
the mechanism by which shearing accelerates the mo-
lecular conformational transition and induces rapid ASF
gelation.

2. Materials and Methods
2.1. Preparation of the SF Solutions

As described previously [15], A. pernyi silk purchased
from Liaoning Province (China) was treated three times
with 2.5 g/L Na,COj; solution at 98°C - 100°C for 30 min
to remove sericin. The degummed ASF fibers were dis-
solved in melted Ca (NOs),4H,0 solutions with a 1:10
(w/v) bath ratio for 5 h at 105°C. Then, the mixed solu-
tion was dialyzed against distilled water for 96 h at room
temperature with a cellulose tube (WMCO 9000, Pierce)
to remove the excess salts.

As previously described [3], B. mori fibers were de-
gummed in a solution containing 0.6 g/L Na,CO; at 98°C
- 100°C for 30 min. This step was repeated three times,
and the degummed fibers were dissolved in the triadic
solvent CaCl,"CH;CH,OH-H,O (molar ratio = 1:2:8) at
72°C + 2°C for 1 h with stirring. The BSF solution was
obtained by dialyzing for 96 h at room temperature with
a cellulose tube (WMCO 9000, Pierce) to remove the
excess salts.
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2.2. Preparation of the SF Gels

4 ml of ASF solution, at a concentration of 3.0 wt%, was
sheared at defined rates (280, 380 and 480 rpm) for dif-
ferent times (15, 30, 45, 60 and 90 min) at 20°C + 2°C
using a JB50-D electric mixer (Shanghai specimen and
model factory, China). Then, the solution was poured
into culture dishes (a diameter of 5 cm), which were in-
cubated in a Synergy HT Multi-Mode Microplate Reader
(Bio-Tek Instruments, USA) at 20°C + 3°C, and the gela-
tion time of each sample was recorded. The gelation time
was determined when the sample had developed an
opaque white color and did not fall from an inverted dish
within 30 s. The BSF gel preparation and the gelation
time determination were performed in the same way.

2.3. Circular Dichroism (CD) Spectra

Measurements were taken using a J-715 spectropolari-
meter equipped with a slab (NESLAB RTE-111) and
purged with N, gas at a flow rate of 3 - 5 mL/min. The
SF aqueous solution was introduced into a cell with a 0.1
cm path length for far-UV measurement at a protein
concentration of 0.1 mg/mL. CD spectra were recorded
from 190 to 250 nm wavelengths with a resolution of 0.2
nm and an accumulation of five scans at a scanning rate
of 100 nm/min and a response time of 0.25 s. The scans
were accumulated and averaged for each spectrum after
subtracting the background of blank water. The confor-
mational contents of the SF spectra were determined
using the CD spectra deconvolution program (CDNN 2.1
software).

2.4. X-Ray Diffraction (XRD) Spectra

The freeze-dried gels were cut into micro-powders with
diameters less than 40 pum and measured by wide-angle
X-ray diffraction (XRD). The diffraction intensities were
measured using a Rigaku D/Max-3C diffractometer with
Cu-Ka radiation (A = 0.15406 nm) at the scanning rate of
2°/min and a range of 26 from 5° to 45°. The X-ray
source was operated at 40 kV and 40 mA.

2.5. Fourier Transform Infrared (FTIR) Spectra

The freeze-dried gels were cut into micro-particles with
diameters less than 40 um, from which the samples were
prepared into KBr pellets. Fourier transform infrared
(FTIR) spectra were obtained using a Nicolet Avatar-IR
360 in the spectral region of 400 - 4000 cm .

3. Results and Discussion

3.1. The Gelation Time of SF

The relationship between SF gelation time and shearing

MSA



Gelation of Antheraea pernyi Silk Fibroin Accelerated by Shearing 367

rate/time at 20°C £ 2°C is shown in Figure 1.

With increasing shearing rate and time, the gelation
time of ASF decrease sharply (Figure 1(a)). The sol-gel
transformation of the ASF solution was completed within
24 - 48 h by shearing for 30 - 90 min at different rates
(280, 380, 480 rpm). As shown in Figure 1(b), the
gelation time of BSF was not significantly decreased
initially (0 - 30 min) but did decrease with increasing
shearing time from 30 to 90 min. The results show that
the gelation rate of ASF was significantly faster than the
gelation rate of BSF under the same conditions. Addi-
tionally, the gelation behaviors of ASF and BSF were
significantly distinct. The shearing influenced the gela-
tion rate of ASF more than that of BSF and promoted the
completion of the ASF sol-gel transition within 1 - 2
days.

3.2. The Molecular Conformation of SF

CD is generally used to test different protein conforma-
tions in dilute aqueous solutions. Studies have shown
that the secondary structure (a-helix, f-sheet, f-turn and
random coil) of a protein exhibits characteristic peaks in
the far-UV zone (178 - 250 nm). For example, a strong
negative peak at 216 nm and a strong positive peak
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Figure 1. The influence of shearing time and rate on the
gelation time of SF: ASF (a), BSF (b).
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(positive cotton effect) at 185 - 200 nm are the charac-
teristic peaks of the f-sheet structure, and peaks at 192
nm (positive), 208 nm (negative) and 222 nm (negative)
are characteristic of the a-helix structure, while a strong
negative peak (negative cotton effect) at approximately
195 nm is characteristic of the random coil [32,33].

To confirm the secondary structure changes in the
shearing-induced SF gels, CD spectra were scanned at a
defined shearing rate and time (Figures 2 and 3). As
shown in Figure 2 curve a, the initial ASF solution
without shearing showed strong peaks at approximately
206 nm (negative) and 217 nm (negative) and a weak
peak at approximately 220 nm (negative), indicating that
the molecular conformation of ASF was initially com-
posed predominantly of a-helix with some f-sheet struc-
tures. The conformation of ASF gradually changed with
increasing shearing rate. The negative peak at 206 nm
became weaker with the simultaneous increase of the
negative peak at 217 nm, demonstrating the formation of
[-sheets during shearing (Figure 2, curves b, ¢, d). Shear-
ing initiated the formation of S-sheets and accelerated the
formation of the physical cross-links responsible for gels
stabilization. With increasing shearing rate, the ASF
molecules along the shearing direction changed to a
well-ordered arrangement, forming abundant hydrogen
bonds and enhancing the hydrophobic interaction. There-
fore, the high shearing rate accelerated the molecular
movement, promoting the rapid formation of S-sheets.

The transformation of the random-coil structure of
BSF molecules into the f-sheet structure is shown in
Figure 3. The initial BSF solution without shearing dis-
played a strong negative peak at approximately 196 nm
but no distinct peaks near 217 and 209 nm (curve a),
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Figure 2. CD spectra of the ASF solution after shearing for
90 min at shearing rates of 0 rpm (a), 280 rpm, (b) 380 rpm
(c) and 480 rpm (d).
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showing the typical random coil conformation. With in-
creasing shearing rate, the negative peaks at 217 nm de-
veloped and intensified, illustrating that shearing pro-
moted the conformational transition of BSF from random
coil to f-sheet (curves b, ¢ and d).

The percentages of molecular conformations in SF
solutions after shearing for 90 min at various rates were
calculated based on the experimentally obtained curves,
as shown in Table 1. Significant differences were identi-
fied in the molecular conformations between the initial
ASF and BSF solutions. The contents of the a-helix and
[S-sheet were 42.0% and 12.1% in the initial ASF solu-
tion, respectively, but were not detected in the initial
BSF solution. In contrast, the initial BSF solution con-
tained up to 80.1% random coil content, which was more
than in ASF (45.9%). Moreover, the molecular confor-
mation contents of both the ASF and BSF solutions
quickly changed during the shearing process. After shear-
ing for 90 min at 480 rpm, a pronounced growth in the
[S-sheet content of ASF (from 12.1% to 37.5%) was ob-
served, accompanied by a decrease in the random coil
and a-helix contents (from 45.9% to 21.8% and from
42.0% to 32.8%, respectively). Correspondingly, the
random coil content of BSF declined from 80.1% to
48.8%, and the f-sheet content increased to 29.6%. This
result illustrates that the f-sheet fraction formed more
easily in ASF than in BSF with increasing shearing rate.

After shearing for 90 min at 480 rpm, the SF solutions
were incubated for 24 h at 20°C, and then the corre-
sponding secondary structure contents of SF were meas-
ured, as shown in Table 2. After incubating for 24 h, the
molecular conformations of both the ASF and the BSF

Gelation of Antheraea pernyi Silk Fibroin Accelerated by Shearing

solutions changed significantly. The a-helix and random
coil contents of ASF decreased from 32.8% to 18.2%,
and 21.8% to 5.0%, respectively, and the S-sheet content
increased by 12.5% (from 37.5% to 50.0%). The random
coil content of BSF declined from 48.8% to 33.8%, and
the S-sheet content increased by 8.5% (from 29.6% to
38.1%) under the same conditions. The increase in the
rate of f-sheet content formation in the ASF solution was
greater than in BSF during the process of incubation after
shearing. The results indicate that the a-helix structure in
the ASF initial solution was easier to transform into
f-sheets than the random coil structure in the BSF solu-
tion.
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Figure 3. CD spectra of the BSF solution after shearing for

90 min at shearing rates of 0 rpm (a), 280 rpm, (b) 380 rpm
(c) and 480 rpm (d).

Table 1. The conformation contents for SF after shearing for 90 min at different rates.

ASF (rpm) BSF (rpm)
Conformation (%)
0 280 380 480 0 280 380 480
a-helix 42.0 41.3 42.8 32.8 0.0 0.0 0.0 0.0
p-sheet 12.1 335 36.5 37.5 0.0 13.2 24.1 29.6
S-turn 0.0 0.0 7.9 19.9 234 16.6 21.5
random coil 459 252 22.7 21.8 80.1 63.4 59.3 48.8

Table 2. The conformation contents of SF incubate for 24 h after shearing at 480 rpm for 90 min.

ASF BSF
Conformation (%)
before incubation after incubation before incubation after incubation
a-helix 32.8 18.2 0.0 53
[-sheet 37.5 50.0 29.6 38.1
S-turn 7.9 26.8 21.5 22.7
random coil 21.8 5.0 48.8 33.8

Copyright © 2013 SciRes.
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Comparing the results in Table 2 to Figure 1(a), an in-
teresting phenomenon can be identified: after shearing
for 90 min at 480 rpm and incubation for 24 h, the f-
sheet content of ASF reached nearly 50% (Table 2), ac-
companied by the sol-gel transformation (Figure 1(a)).
Thus, shearing provided a useful new tool to initiate the
rapid sol-gel transitions of ASF, and the fS-sheet content
of 50% was the minimum content required to maintain a
stable hydrogel system in ASF.

3.3. Structure of the SF Gels

Following previous studies on the molecular confor-
mation of SF [34,35], the X-ray diffraction patterns
contained peaks at 11.8° and 22.0° for the a-helix struc-
ture, and at 16.5°, 20.2°, 24.9°, 30.90°, 34.59°, 40.97° and
44.12° for the fS-sheet structure. Figures 4 and 5 show
the X-ray profiles of freeze-dried gels prepared from the
SF solutions treated by shearing at different rates. These
patterns exhibit strong diffraction peaks at approximately
16.5°, 20.2°, and 24.9°, indicating the presence of the /-
sheet structure in the sample of ASF gels without shear-
ing (shown in Figure 4 curve a). Additionally, the mole-
cular conformations of the ASF gels processed with
shearing (curves b, ¢, d) or without (curve a) contain no
significant differences and were all mainly composed of
P-sheets. In Figure 5 curve a, the peaks appeared at ap-
proximately 11.8°, 20.7° and 24.7°, indicating the pre-
sence of a typical f-sheet structure, with these results ap-
proximately in agreement with previous reports [15,36].
Moreover, with increasing shearing rate, these diffraction
peaks (curves b, ¢ and d) remained almost unchanged,
illustrating that the gels consisted mainly of the f-sheet
structure.

Diffraction intensity (cps)
%

0 10 20 30 40 50

Diffraction angle 26 (°)

Figure 4. X-ray diffraction curves of the ASF gels induced

by shearing for 90 min at rates of 0 rpm (a), 280 rpm (b),
380 rpm (c) and 480 rpm (d).
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Figure 5. X-ray diffraction curves of the BSF gels induced
by shearing for 90 min at rates of 0 rpm (a), 280 rpm (b),
380 rpm (c) and 480 rpm (d).

From Figures 4 and 5, it can be concluded that the
shearing induced the gelation of SF by promoting the
conformational transition from a-helix/random coil to -
sheet. There was no significant difference in the molecu-
lar conformation of the SF gels, all of which were mainly
composed of f-sheets regardless of the application of
shearing, indicating that the gel structure remained stable
once formed.

FTIR spectroscopy is a sensitive tool for studying the
molecular conformation of SF. The various molecules
have their own characteristic absorption bands in the
FTIR spectrum. In the absorption spectrum, the position
and intensity of amide absorption can reflect the mo-
lecular conformation of the SF protein [37]. As seen in
Figure 6 spectrum a, the intensities of the absorption-
bands at 1631, 1521, 1238 and 700 cm ' indicate the
presence of the f-sheet structure and some a-helix struc-
ture in the spontaneously formed ASF gels. There are no
significant changes in the spectra of b, ¢ and d, in com-
parison with spectrum a, indicating that all four gels con-
sist mainly of the S-sheet structure. In Figure 7, the four
BSF gels show strong absorption bands at 1635, 1521,
1230 and 700 cm ', confirming the presence of the
f-sheet conformation, which agrees with the XRD data.
This result also indicates that the gel structure remains
stable once formed.

The results from Figures 1-7 and Tables 1 and 2 show
that, for both ASF and BSF, shearing promoted the inter-
and intra-molecular hydrophobic interactions, the rear-
rangement of hydrogen bonds and the transition from a
disordered random coil and/or a-helix structure to a well-
ordered f-sheet structure, leading to the formation of
physically cross-linked gels. With an increasing shearing
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Figure 6. FTIR spectra of the ASF gels induced by shearing
for 90 min at rates of 0 rpm (a), 280 rpm (b), 380 rpm (c)
and 480 rpm (d).
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Figure 7. FTIR spectra of the BSF gels induced by shearing
for 90 min at rates of 0 rpm (a), 280 rpm (b), 380 rpm (c)
and 480 rpm (d).

rate, the physical cross-links among the SF molecules
formed more easily. Shearing initiated the formation of
[-sheets and accelerated the formation of physical cross-
links, which are responsible for gel stabilization. It can
be seen in Figure 1 and Table 2 that the sol-gel transi-

Copyright © 2013 SciRes.

tion occurred when the S-sheet content reached nearly
50% which was the minimum content required to main-
tain the stable hydrogel system in ASF. Hence, the sol-
gel transition rate for SF in solution mainly depends on
two factors: the proportion of random coil, a-helix and
f-sheet conformers in the initial SF solution and the
transition rate from the disordered random coil and/or
a-helix structure to a well-ordered f-sheet structure. Ac-
cordingly, the key factor for the acceleration of SF gela-
tion is promoting the transition from random coil and/or
a-helix to the f-sheet structure.

As shown in Figure 3 and Table 1, the proportion of
random coils in the initial BSF solution was nearly 80%,
without S-sheet and a-helix structures, which is in agree-
ment with previous reports [38]. The random coil content
in the initial ASF solution was approximately 45%, but
that of the a-helix was high at 42% in addition to the
12.1% p-sheet fraction, which was quite different from
the composition of BSF (Table 1). The secondary struc-
ture of a native protein is closely related to its primary
structure. It depends on the amino acid sequence and the
solution environment in which the protein is dissolved
[39,40]. The significant difference in molecular confor-
mation between the initial ASF and BSF aqueous solu-
tions is due to the primary structures. The heavy chain
sequence of BSF is characterized by the 94% coverage of
Gly-X repeats (where X is Ala at 65%, Ser at 23% and
Tyr at 9%) [41]. However, the ASF, except for 155 resi-
dues of the amino terminus, is composed of 80 alternate
polyalanine-containing units (motifs) [42]. That is, the
proportion of Ala residues is greater, while the propor-
tion of Gly residues is less in ASF than in BSF. The Ala
is uncharged, and its R-groups are small, so it tends to
form the a-helix structure in solution [43,44]. However,
the Gly-rich region essentially remains in the random
coil state [45]. It is possible that the significant differ-
ences in the molecular conformation between ASF and
BSF in the initial solution, particularly the higher the
o-helix content of ASF, influenced the transition to the
f-sheet conformation and accelerated the gelation proc-
ess. The structure of native SF fiber is known to be the
pleated anti-parallel S-sheet structure [46,47]. Hence, the
f-sheet conformation is more thermodynamically stable
than either the random coil or the a-helix for SF protein.
The conformational transition from the random coil and
a-helix structures to the f-sheet structure must overcome
the energy barrier to form thoroughly stretched peptide
chains. The presence of the f-carbon in Ala and other
amino acids induces a significant decrease in the con-
formational entropy of the unfolded state; hence, Gly has
greater conformational entropy than Ala [48]. Entropy is
the main driving force for the hydrophobic interaction
assembly [49]. The conformational entropic cost of trans-
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formation from the random coil to the S-sheet structure is
larger than the cost of transformation from the a-helix to
the f-sheet structure in SF protein.

Mitsuhashi et al. [50] reported that a fibrous “string-
like” crystalline structure was formed when stirring a
polyethylene solution. Pennings et al. [51] identified the
string-like crystalline structure with electron microscopy,
naming it the Shish-kebab structure in 1965. Later stud-
ies showed that these structures occurred in elongation,
shear and mixed flow conditions, because those condi-
tions essentially promoted polymer stretching along the
direction of the force [52].

The results of this study have shown that stirring can
accelerate the gelation of SF, especially for ASF (Figure
1). ASF gelation can be controlled within 24 - 48 h. This
phenomenon occurs because stirring creates a flowing
shearing force that promotes the stretching of the random
coil and a-helix chain segments, allowing the reforma-
tion of hydrogen bonds and the formation of the S-sheet
structure. The primary structures of BSF and ASF have
significant differences, so the S-sheet formation is more
favorable for ASF. The a-helix content in the initial ASF
solution was significantly greater than in BSF under the
same conditions (Tables 1 and 2), and the conforma-
tional entropic cost of the transition from the a-helix to
the f-sheet structure is lower than the cost of the transi-
tion from the random coil to the f-sheet structure, lead-
ing to the significantly more rapid sol-gel transformation
of ASF compared to BSF under the same conditions.

4. Conclusion

It was shown that ASF hydrogels can be successfully and
quickly formed using the shearing method without addi-
tional chemical processes. Shearing accelerates the sol-
gel transition by inducing rapid physical intra- and inter-
molecular cross-linking via f-sheet formation. When the
[-sheet fraction reached nearly 50%, the hydrogels stabi-
lized in the aqueous ASF solution. The ASF gels were
prepared quickly (within 24 - 48 h) by stirring the silk
fibroin aqueous solutions for 30 - 90 min at defined rates,
and the gel structures remained stable once formed. In
comparison with BSF, the rapid gelation of ASF through
shearing was the result of its alternating polyalanine-
containing units (motifs), which tend to form structures
spontaneously, as the entropic cost of the conformational
transition from a-helix to f-sheet is less than the cost of
the transition from random coil to S-sheet. This control-
lable method of producing non-chemically cross-linked
ASF hydrogels avoids the complications and inherent
toxicity to cells or cytokines associated with some unpu-
rified or remaining cross-linking additives, and it may
therefore provide a potential method for the production

Copyright © 2013 SciRes.

of silk-based tissue engineering scaffolds and drug/
growth delivery carriers.
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