Structure of Silk Fibroin Fibers Made by an
Electrospinning Process from a Silk Fibroin Aqueous

Solution

Hong Wang, Huili Shao, Xuechao Hu

State Key Laboratory for Modification of Chemical Fibers and Polymer Materials, College of Material Science and
Engineering, Donghua University, Shanghai 200051, People’s Republic of China

Received 4 February 2005; accepted 29 November 2005
DOI 10.1002/app.24024

Published online in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: In this article, the electrospun silk fibroin
(SF) fibers with an average diameter of 700 nm were pre-
pared from a concentrated aqueous solution with an elec-
trospinning technique. The morphology, conformation, and
crystalline structure of the SF fibers were characterized by
scanning electron microscopy, Raman spectroscopy, and
wide-angle X-ray diffraction, respectively. The structure and
morphology of the fibers were strongly influenced by the
solution concentration and the processing voltage. In addi-
tion, the fiber formation parameters, including spinning ve-

locity, elongation rate, and draw ratio, were also calculated.
A kind of SF fiber with a structure between an amorphous
film and a natural silk was found. We suggest that the high
draw ratio was not the only factor in the transformation of
SF from random-coil and a-helix conformations to a B-sheet
conformation. © 2006 Wiley Periodicals, Inc. ] Appl Polym Sci 101:
961-968, 2006
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INTRODUCTION

The dragline filaments produced by orb-weaving spi-
ders have been the focus of numerous recent investi-
gations because they are among the strongest known
protein fibers.'”? Therefore, researchers all over the
world are interested in mimicking these native silk
fibers and hope to produce artificial silk fibers in vitro
for industrial production.>> A number of groups have
attempted to spin silk protein fibers from regenerated
silk or recombinant spider-silk solutions.®”® The sol-
vents that have up to this point been proposed to
dissolve silk fibroin (SF) may be classified into two
classes:*'? acidic solvents (e.g., formic acid) and high-
ionic-strength aqueous salt solutions. A drawback of
the former solvents, which tend to be harsh and may
degrade the fibroin, is the poor stability of their SF
solutions. In the latter case, it is difficult to remove
inorganic salts from the SF solutions. To overcome
these drawbacks, Seidel et al.'® selected hexafluoro-2-
propanol (HFIP) as the solvent for the fabrication of
regenerated spider-silk fibers by a wet spinning pro-
cess. However, HFIP could not be removed thor-
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oughly from the resulting fibers, and the cost was also
very high. Recently, Lazaris et al.'* prepared soluble
recombinant dragline silk proteins and spun mono-
filaments from a concentrated aqueous solution of
soluble recombinant spider-silk protein to an alcohol
coagulation bath. The spun fibers exhibited toughness
and modulus values comparable to those of native
dragline silks but with a much lower tenacity.'*

As with natural fibers, however, spider-silk fibers
and silkworm silk fibers are spun from aqueous pro-
teins solution to air,'® so we are more interested in
how filaments could be solidified in air from an aque-
ous solution. Accordingly, it was necessary to study
the fiber formation mechanism of SF from an aqueous
solution and to determine the factors that transform
SF from random-coil and o-helix conformations to a
B-sheet conformation. Furthermore, by comparison
with the fiber formation conditions in the gland of the
spider or silkworm, people could finally produce silk
fibers from aqueous recombinant spider-silk protein
solutions.

The electrospinning technique has been known
since the 1930s, and interest in the electrospinning
process has risen in the past decade.'®'” Because poly-
mer fibers prepared by this technique can have fiber
diameters in the range of nanometers to a few mi-
crometers and large specific surface areas, electrospun
fibers could be used in products, such as filters, mem-
branes, biocidal gauzes, scaffolding for tissue build-
up, and even clothing, whose functions are area-
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based.'® There was a preliminary report about electro-
spun spider-silk nanofibers with HFIP as a solvent."
Recently, Kim et al.*® used formic acid as a solvent to
electrospin silk nanofibers. However, all of the result-
ant as-spun SF fibers were only in a random-coil con-
formation, which was not stable enough to make the
fibers into structural materials, and had to be dealt
with thermal annealing or methanol treatment to in-
crease their crystallinity.

Therefore, the objectives of this study were first to
prepare a spinnable SF aqueous solution with a high
SF content, second to produce ultrafine SF fibers from
an aqueous solution by the environmentally friendly
process of electrospinning, and third to investigate the
fiber formation mechanism of the SF fibers spun from
the aqueous solution.

EXPERIMENTAL

Preparation of the regenerated SF aqueous
solutions

Cocoons of the Bombyx mori silkworm were boiled in
0.5% (w/w) NaHCO; solution for 30 min and then
rinsed thoroughly with distilled water to extract the
gluelike sericin proteins. Each step was repeated
twice, and finally, the degummed silk was dried at
room temperature. The dried degummed silk was dis-
solved in a 9.3M LiBr aqueous solution at room tem-
perature to obtain an SF aqueous solution with a con-
centration of 10 wt %, which was diluted with four
times the amount of water and then dialyzed against
distilled water for 3 days. Then, the solution was
filtered, and the final SF aqueous solutions with de-
sired concentrations were prepared with a procedure
developed in this laboratory. Through this treatment,
the molecular weight of SF was between 80 and 90
kDa, as measured by sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (SDS-PAGE).

Electrospinning process

The SF aqueous solution was contained in a plastic
syringe, which was connected to a metal needle with
diameter of 0.9 mm. A flat piece of aluminum foil (the
collection plate), placed 11 cm from the needle, was
used to collect the electrospun product. A voltage of
10-40 kV was applied to the aluminum foil by a
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Figure 1 Schematic diagram of the electrospinning device.
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TABLE 1
Process Parameters of the Electrospun SF Fiber Samples

Sample
L1 H1I L[2 H2 L3 H3

Concentration (wt %) 17 17 28 28 39 39
Voltage (kV) 20 40 20 40 20 40

The pH value of all of these solutions was 7.68 without
any addition of ions.

high-voltage power supply. The electrospinning pro-
cess was carried out at room temperature, and the
mass throughout was controlled by a metric pump. A
schematic diagram of the electrospinning device is
presented in Figure 1. The process parameters of all of
the electrospun SF fiber samples of this study are
summarized in Table L

Measurements

The morphology of the electrospun fibers was ob-
served with a JSM-5600LV (Jeol Co., Tokyo, Japan)
scanning electron microscope at 10 kV. All samples
were sputtered with gold.

Raman spectra were obtained with a Lab RAM-1B
microscopy Raman microscope (HORIBA Jobin Yvon
Co., Edison, NJ). The 632.8-nm red line of a He-Ne
laser was focused on the samples.

Wide-angle X-ray diffraction (WAXD) patterns
were measured on a Rigaku D/Max-BR diffractometer
(RigaKu/MSC, the Woodlands, TX) with Cu K radi-
ation (\ = 1.54 A) in a 26 range of 5-40° at 40 kV.

The rheological measurements were made on a RS1
Rheometer (Thermo Electron Co., Germany) with a
(Ti, 35/1°) cone plate. The shear rate was linearly
increased from 0.5 to 1000 s™!, and the temperature
was controlled at 25 * 0.1°C.

RESULTS AND DISCUSSION

Effect of the concentration of the SF aqueous
solution on the morphology of the SF fibers

Figure 2 shows the scanning electron microscopy
(SEM) photographs of silk fibers prepared from SF
aqueous solutions with concentrations of 17, 28, and
39 wt % (the pH value of all of these solutions was 7.68
without any addition of ions). The applied voltage
was kept constant at 20 kV, and the temperature was
kept at 25°C. The morphology of the SF fibers was
strongly affected by the concentration of the solution.
When the solution concentration was as low as 17 wt
%, there were only small droplets on the aluminum
foil. For the SF aqueous solution with a concentration
of 28 wt %, the as-spun SF fibers exhibited a round
cross-section with diameters ranging from 400 to 800
nm. However, the SF fibers prepared from the SF
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Figure 2 SEM photographs of electrospun SF fibers: sam-
ples (a) L1, (b) L2, and (c) L3.

aqueous solution with a concentration of 39 wt %
became uneven and ribbon-shaped, and their diame-
ters varied from 100 to 900 nm. In any case, all of the
fibers were much thinner than natural silk fibers (B.
mori = 10-20 wm).

It was reported®’ that sufficient molecular chain
entanglements in the polymer solution can prevent the
breakup of the electrically driven jet and allow the
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electrostatic stresses to further elongate the jet and
draw it into fibers during the electrospinning process.
Nevertheless, low-viscosity liquids are only deposited
as individual droplets.”!

To further investigate the influence of the solution
concentration on the morphology of the electrospun
SF fibers, the rheological behaviors of the SF aqueous
solutions were studied. Figure 3 shows the rheological
behaviors of the SF aqueous solutions with different
concentrations. There was a rapid initial shear thin-
ning at low shear rates (=10 s~ ') for the SF aqueous
solutions with concentrations of 17 and 28 wt %; after
that, their viscosities remained approximately con-
stant. However, the shape of the rheological curve of
the SF aqueous solution with a concentration of 39 wt
% was different from those of the previous two SF
aqueous solutions. Its viscosity was almost constant
when the shear rate was lower than 1000 s™; after
that, the shear thinning phenomenon became distinct.

The rheological behavior indicated that when the
concentration of the SF aqueous solution was 17 wt %,
the SF macromolecules might have been in a random-
coil conformation with little entanglement between
them. As a result, the viscosity of the solution after
shear thinning was only about 40 mPa s, and the
solution was deposited from the spinneret as individ-
ual droplets on the collection plate during the electro-
spinning process. For the SF aqueous solution with a
concentration of 28 wt %, its viscosity after shear
thinning reached about 250 mPa s. There might have
been evidently sufficient molecular chain entangle-
ments in the solution to prevent the breakup of the
electrically driven jet and to allow the electrostatic
stresses to further elongate the jet and draw it into
fibers. When the concentration of the SF aqueous so-
lution was as high as 39 wt %, the viscosity of the SF
aqueous solution was sufficiently high (3000 mPa s)
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Figure 3 Rheological behaviors of SF aqueous solutions
with different concentrations.
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that the solution could bear more tensile strain, so
more thinner SF fibers appeared.

Effect of the voltage on the morphology of the SF
fibers

The effect of the voltage applied during electrospin-
ning on the SF fibers was also investigated, and the
SEM photos are shown in Figure 4. For the solution
with a low concentration of 17 wt %, there was little
entanglement between the SF macromolecules; the

®

Figure 4 SEM photographs of electrospun SF fibers: samples (a) L1, (b) H1, (c) L2, (d) H2, (e) L3, and (f) H3.

polymer jet only formed droplets at low voltages be-
cause the electrostatic force could not overcome the
surface tension®® [Fig. 4(a)]. When a higher voltage
was applied, the strong electrostatic force overcame
the surface tension and made some random-coil SF
chains more extended. However, the jet still had the
tendency to contract into droplets. As a result, some
beaded fibers were formed, although the viscosity of
the SF solution was very low [Fig. 4(b)]. When the
concentration of the SF aqueous solution was 28 wt %,
the high viscosity made it form round cross-sectional
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TABLE 1I
v, Values when the SF Fibers Arrived at the Collection Plate
Concentration of the Voltage 7, X107° 2
solution (wt %) kV) w (g) t; (min) (cm) (m/min)
28 20 0.2247 30 6.3 4550
28 40 0.1660 29.8 55 4440
39 20 0.2348 30 6.8 4082
39 40 0.2154 27 6.6 4417

The density of SF fibers was set as 1.32g/cm?, the same as that of the natural silk fiber.
The spin dope was an SF aqueous solution with a pH value of 7.68 without the addition
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of any ions.

electrospun SF fibers with smooth surfaces at a low
voltage [Fig. 4(c)]. As the intensity of the electric field
was increased, the spinning rate increased quickly, so
water in the jet did not have enough time to com-
pletely vaporize from the fiber surface before it ar-
rived at the foil, and the fibers consequently became
ribbonlike? [Fig. 4(d)]. However, when the concentra-
tion of the SF aqueous solution was as high as 39 wt %,
the viscosity of the SF aqueous solution became com-
paratively high, which made the spinning process un-
stable, and fibers with irregular morphology were
formed [Fig. 4(e)]. With increasing voltage, the high
electrostatic power made the concentrated SF aqueous
solution flow more easily, so the resultant fibers be-
came more regular in comparison with sample L3 [Fig.
4(f)]. For the same reason, the viscosity of the 39 wt %
SF aqueous solution was comparatively high; it was
not easy for water in the jet to diffuse and vaporize
from the fibers surface before they arrived at the col-
lection plate, and the SF fibers became ribbonlike
again.

In conclusion, the solution concentration and spin-
ning voltage had some influence on the morphology
of the SF fibers. The electrospinning conditions for the
production of beadless round silk fibers from the SF
aqueous solutions were found to be as follows: SF
concentration = 28 wt %, voltage = 20 kV, and work-
ing distance = 11 cm.

Calculation of the SF fiber formation parameters

To get a better understanding of the SF fiber formation
during electrospinning and the conformation transi-
tion of SF, the fiber formation parameters in these
experiments were calculated.

Spinning velocity (»;) of the SF fiber when it arrived
at the collection plate

Fang and Reneker”* studied the electrospinning pro-
cess systematically. They pointed out that a single jet
did not break up during fiber formation; this concept
is well accepted.”?® On the basis of this assumption
and with the supposition that the water in the fiber

evaporated completely, v, of SF fibers when they ar-
rive at the collection plate can be calculated by the
following equation:

wq

= 100p, 7t 1

V1

where v, is the spinning velocity when the fibers ar-
rive at the collection plate (m/min), w; is the weight of
the fibers on the collection plate (g) during a certain
spinning time, p; is the density of the fibers (g/cm?), r;
is the radius of the fibers (cm), and ¢, is the spinning
time (min).

The applied voltages were set as 20 and 40 kV, and
the concentration of the solutions were 28 and 39 wt
%, respectively. The results of the calculations are
shown in Table IL

As shown in Table II, v, was about 4000-4500
m/min, which was already in the high-speed spinning
range. We guessed that the fibers might have experi-
enced a strong extension in the electric field.

Ejecting velocity (v,) of the SF aqueous solution
from the spinneret

During the electrospinning process, the SF aqueous
solution experienced a shear flow; then, it was ejected
from the spinneret and drawn by electrostatic force to
finally form fibers. To get the draw ratio (A), it was
necessary to calculate v, of the SF aqueous solution
when it left the spinneret. According to the principle
of mass conservation and by the measurement of the
weight of the SF aqueous solution in a certain time
(w,) during the electrospinning process, v, of the SF
aqueous solution when it left the spinneret was ob-
tained as the following equation:

(4%}

= 100pyrit, 2)

Vy

where p, is the density of the SF aqueous solution
(g/cm?), r, is the diameter of the spinneret (cm), and t,
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TABLE III
v, Values of the Solutions when They Left the Spinneret
Concentration of the  Voltage t, v, X10%
solution (wt %) kV) w, (g) (min) (m/min)
28 20 0.6299 30 3.1
28 40 04539 298 2.2
39 20 0.8040 30 3.8
39 40 0.5952 27 3.1

The densities of water and the natural silk fiber were 1.0
and 1.32g/cm?, respectively, so the density of the SF aque-
ous solutions with concentrations of 28 and 39 wt % were set
as 1.07 and 1.12 g/cm®, respectively, according to the law of
constant proportion. The spin dope was an SF aqueous
solution with a pH value of 7.68 without the addition of any
ions.

is the spinning time (min). Here, r, can be measured
by a special microscope.

The applied voltages were set as 20 and 40 kV, and
the concentrations of the SF aqueous solutions were 28
and 39 wt % (the pH value of all of these solutions was
7.68 without any addition of ions), respectively. The
results of the calculation are shown in Table III. The SF
aqueous solution passed through the spinneret very
slowly at a rate of about 3 X 1072 m/min.

Elongation rate (¢) and A of the SF fiber

It is well known that & of the fiber can be written as
follows:*”

e = dv/dl ~ Av/Al (3)
where dv is the velocity of the running filament, dl is
the distance from the spinneret along the spinning
path, Av is the difference between the spinning veloc-
ity and the ejecting velocity, and Al is the difference
between the spinneret and the collection plate.

Similarly, A can be written as follows:*”
A= v/v, (4)
where v; and v, are the spinning and ejecting veloci-
ties, respectively. The results are shown in Table IV.

As shown in Table IV, & and A of the SF fiber during
electrospinning were very high. & reached orders of
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Figure 5 Raman spectra of the (A) degummed silk fibers,
(B) amorphous SF film, and (C) electrospun SF fibers.

10%, and A reached orders of 10°, which are very dif-
ficult to achieve in a common spinning process. To
make a comparison, A of the SF aqueous solution in
the gland of silkworm when a silkworm spins silk at
an average rate of 1 cm/s*® was also calculated. A was
about 1.33 X 10* which was close but still lower than
that of the SF aqueous solution during the electrospin-
ning process. Therefore, we suggest that the SF mac-
romolecular chains were extended at such a high A in
the electric field that some SF chains transferred to
B-sheet conformations and finally precipitated from
aqueous solution to form SF fibers. The following
measurements showed that some changes in the con-
formation and crystallization of the SF molecular did
happen, but they were still quite different from the
conformation and crystalline structure of natural silk.
This implied that a high A was not enough to transfer
the random-coil or a-helix conformation to a B-sheet
structure. To get a B-sheet structure, other conditions
need to be considered.

Secondary structure of the electrospun SF fibers

Raman spectroscopy is a powerful tool for investigat-
ing the secondary structure of proteins, and it has
already given important insights into the structure of

TABLE 1V
€ and A Values During the Electrospinning Process
Concentration of the Voltage 12 1, X102 g
solution (wt %) (kV) (m/min) (m/min) (s™hH A X 10°
28 20 4550 3.1 690 1.47
28 40 4440 22 672 2.02
39 20 4082 3.8 730 1.07
39 40 4417 3.1 670 1.42
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native silk filaments of both spiders and silk-
worms.”>* Figure 5 shows the Raman spectra of the
degummed silk fibers, amorphous SF film, and elec-
trospun SF fibers obtained from the SF aqueous solu-
tion with a concentration of 39 wt % at a voltage of
40 kV.

All of the secondary structures of proteins (a-helix,
B-sheet, and random-coil) have characteristic bands at
amide T (1680-1640 cm ') and amide III (1270-1220
cm ™ ').*! Their characteristic bands in the Raman spec-
trum are as follows: 1250 and 1660 cm ™' (random-
coil), 1270 and 1655 cm ! (a-helix), and 1235 and 1670
cm™ ! (B-sheet). Moreover, the peaks at 1105 and 1085
cm ! are sensitive to a-helix and B-sheet conforma-
tions, respectively. As a benchmark and shown in
Figure 5, the amide I and amide III bands of the
degummed silk fibers appeared at about 1670 and
1230 cm ™!, and the peak at 1085 cm ™' was also obvi-
ous, which suggested that the degummed silk fibers
were in the B-sheet structure. The amide III band of
the amorphous SF film appeared at 1250 cm ™' and
was associated with the random-coil conformation;
the peak at 1105 cm ™' indicated that it also had an
a-helix conformation. Compared to the amorphous SF
film, the amide I band of the electrospun SF fibers was
sharper at 1670 cm ™!, the amide III band split into
1230 and 1250 cm ™, and the peak at 1085 cm ™' was
enhanced, which suggested they had a certain amount
of B-sheet conformation.

Crystal structure of the electrospun SF fibers

It was reported that SF exhibits at least three confor-
mations or crystalline structures: random coil, silk I,
and silk II. Silk II is commonly thought to be consti-
tuted by B sheets.>* A number of models for silk I have
been proposed.”>** The popular crankshaft model
proposes antiparallel hydrogen bonded sheets
wherein alternating alanyl and glycyl units are in
B-sheet conformations and left-handed a-helix confor-
mations, respectively. Silk II is the most stable struc-
ture, and it endows silk fibers with excellent mechan-
ical properties. By WAXD measurement, some infor-
mation about the crystalline structure of the SF fibers
were obtained from their crystal structure transitions.
The principal X-ray diffraction peaks of silk II ap-
peared at 9.7 X 10" 'm (26 = 9.1°),4.69 X 10 ' m (26
=18.6°), 4.3 X 107 m (26 = 20.7°), and 3.67 x 10~ 1°
m (20 = 24.3°).%° Figure 6 shows the WAXD patterns
of the degummed silk fibers, amorphous SF film, and
electrospun SF fibers obtained from the SF aqueous
solution with a concentration of 39 wt % at a voltage of
40 kV. The amorphous SF film showed an amorphous
state, whereas the degummed silk fibers exhibited a
typical X-ray diffractogram of a B-sheet crystalline
structure, which had three diffraction peaks at 18.9,
20.6, and 28.1°, corresponding to B-sheet crystalline
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Figure 6 WAXD patterns of the (A) degummed silk fibers,
(B) amorphous SF film, and (C) electrospun SF fibers.

spacings of 4.69, 4.31, and 3.66 A, respectively. There
were diffraction peaks at 20 = 14.5 and 17.6° in the
electrospun SF fibers, which was different from the
silk II crystal structure and which means that the SF
macromolecules underwent a conformation transition
during the electrospinning process. The crystalline
structure appeared in the electrospun SF fibers, but it
was not like the crystal structure we found in natural
silk.

CONCLUSIONS

In this study, beaded, cylinder-shaped and ribbon-
shaped ultrafine elecrospun SF fibers were obtained
from concentrated aqueous solutions under different
conditions with the electrospinning technique. These
fibers had an average diameter of 700 nm ranging
from 100 to 900 nm. The morphology of the SF fibers
was strongly influenced by the solution concentration
and the processing voltage. The conditions for the
preparation of beadless round electrospun SF fibers
were found to be as follows: concentration = 28 wt %,
voltage = 20 kV, and working distance = 11 cm.
From the investigation of Raman spectroscopy and
WAXD, we found that there was some B-sheet confor-
mation and crystalline structure in the electrospun SF
fibers, but they were still different from the structure
we found in natural silk. Through the calculation of
the fiber formation parameters, such as v, ¢, and A, we
found that even with very high A random-coil confor-
mation and a-helix structure could not fully transfer to
B-sheet forms like those of spider or silkworm silk.
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