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Abstract

In the present study, we successfully prepared non-woven mats from stable regenerated silk fibroin aqueous solution at high concentration.
Scanning electronic microscope (SEM) was used to observe the morphology of the fibers. The structure of the fibers was characterized using
Fourier transform infrared (FTIR), wide-angle X-ray diffraction (WAXD) and differential scanning calorimetry (DSC). The mechanical tests
were also performed. In the as-spun fibers, silk fibroin was present in a random coil conformation, the stress and strain at break were
0.82 MPa and 0.76%, respectively, while after methanol treatment, the silk fibroin was transformed into a 3-sheet-containing structure, the stress
and strain at break increased to 1.49 MPa and 1.63%, respectively. This study provided an option for the electrospinning of silk fibroin without
using organic solvent or blending with any other polymers, which may be important in tissue engineering scaffold preparation.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, the electrospinning process has gained
much attention because it is an effective method to manufac-
ture ultrafine fibers or fibrous structures of many polymers
with diameter in the range from several micrometers down
to tens of nanometers [1—4]. In the electrospinning process,
a high voltage is used to create an electrically charged jet of
a polymer solution or a molten polymer. This jet is collected
on a target as a non-woven fabric. Because these nanofibers
have some useful properties such as high specific surface
area and high porosity [1], they can be used as filters [5],
wound dressings [6], tissue engineering scaffolds [7], etc.

Silk fibroin (SF) is the protein that forms filaments of silk-
worm silk and gives silk high mechanical strength, elasticity,
and softness. In addition to the outstanding mechanical prop-
erties, silk fibroin displays good biological compatibility [8].
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It has been demonstrated that silk fibroin-derived scaffolds
may have wide-range applications in the fabrication of replace-
ment tissue [9]. Electrospinning is a unique method capable of
producing fibers from both synthetic and natural polymers for
biomedical application [10], because electrospun non-woven
fibers have high specific surface area and highly porous 3-D
structure that are desirable for high-density cell and tissue
cultures; electrospun non-woven fibers are among the most
promising material forms used in various tissue engineering
applications [1] and can be considered as ideal candidates
[11], for example, Min et al. found that the SF nanofiber matrix
can promote cell adhesion [12]. SF has been electrospun with
the spinning solvents such as hexafluoro-2-propanol (HFIP)
[13], hexafluoroacetone (HFA) [14] and formic acid [1,15] or
in combination with PEO [16,17].

Organic solvents can pose problems when the processed
materials are exposed to cells in vitro or in vivo; avoiding
the use of organic solvents can enhance the potential biocom-
patibility of the electrospun fibers. To address this goal, Jin
et al. reported that they conducted a process for silk electro-
spinning in combination with PEO [17]. In this study, we tried
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to develop the SF electrospinning with two major purposes.
First, we wanted to avoid the problem that derived from resid-
ual organic solvents when the SF fibers were exposed to cell
in vitro or in vivo and improve the potential biocompatibility
of the SF non-woven mats. To overcome this problem, water
was used as electrospinning solvent. Second, to simplify the
process of electrospinning, instead of blending with other
materials, the concentrated solution that was appropriate for
electrospinning was prepared by concentrating the SF solu-
tion. Thus, an all-aqueous process for SF electrospinning
was developed and SF non-woven mats were fabricated.

2. Experiment

2.1. Preparation of regenerated Bombyx mori
SF solution [18]

Raw silk was degummed with 0.5% (w/w) Na,COj3 solution
at 100 °C for 60 min and then washed with distilled water.
Degummed silk was dissolved in a ternay solvent system of
CaCl,/H,O/EtOH solution (1/8/2 in mole ratio) for 40 min at
80 °C and dialyzed to remove salts in a cellulose tube against
distilled water for 3 days at room temperature, then the SF
solution was filtered.

2.2. Preparation of the spinning solution

The obtained solution was directly concentrated to generate
about 28%, 30%, 32%, 34% and 37% SF solutions by weight
with slow stirring at 50—60 °C. With the continuous stirring,
the SF solution was prevented from turning into gel during
the concentrating process. The viscosity of the solutions was
measured with a viscometer (NDJ-1, Shanghai Precision &
Scientific Instrument Co., Ltd) at room temperature.

2.3. Electrospinning

In the electrospinning process, the capillary with axis tilted
about 45° from horizontal direction was connected to a syringe
filled with 5 ml SF solution. A high voltage in the range from
12 kV to 20 kV was applied to the droplet of SF solution at the
tip. A grounded aluminum foil was placed at a distance of
18 cm from the capillary tip.

2.4. Treatment of electrospun mats

As-spun SF mats were immersed into a 90/10 (v/v) metha-
nol/water solution for 10 min and then dried under vacuum at
room temperature for 24 h.

2.5. Characterization

The morphology of the electrospun fibers was observed
with a scanning electronic microscope (SEM) (S-3500,
HITACHI). Infrared spectra were measured with an attenuated
total reflectance accessory (ATR) (FTS 3100, DIGILAB), each
spectrum was acquired in transmittance mode on a ZnSe

crystal by accumulation of 16 scans with a resolution of
4cm™! and a spectral range of 4000—600 cm~'. Wide-angle
X-ray diffraction (WAXD) curves were recorded with an X-ray
diffractometer (X pertproMPD, PaNalytical) with X’celerator
counter at a scanning rate of 0.066°/min and within the
scanning region of 20 =5—40°, with Cu K, radiation (A=
1.5418 ;\), irradiation conditions were 40 kV and 40 mA.
The thermographs were acquired using a differential scanning
calorimeter (DSC-60, Shimadzu) from room temperature to
300 °C at the rate of 10 °C/min under a nitrogen atmosphere.
The mechanical properties of specimens (15 x 50 mm?) were
obtained using a testing machine (3365, Instron) under ambi-
ent condition, the thickness of the samples was from 0.17 mm
to 0.33 mm, gauge length was set at 30 mm and the rate of the
crosshead was 1 mm/min.

3. Results and discussion
3.1. Stability of the SF solution

Viscosity plays an important role in the electrospinning
process. The jet from low viscosity liquids breaks up into drop-
lets more readily and few fibers are formed, while at high vis-
cosity, electrospinning is prohibited because of the instability
of flow caused by the high cohesiveness of the solution. To
the SF aqueous solution electrospinning, the former is the
primary problem. Increasing the concentration of the SF solu-
tions to acquire SF solutions which are of enough viscosity is
a direct and simple method, but gel formation of SF solutions
occurs at high concentration. It is true that the gelation time
for the SF solution decreases with increasing concentration;
however, it is possible that the SF aqueous solution with
high concentration can be of good stability, for instance, the
concentration of SF solution can reach up to 30% in the gland
of the silkworm; for the SF/water system studied here, the
gelation time is 4 days at 25 °C when the concentration is 37%
(w/w), which is stable enough to be used in electrospinning.

3.2. Morphology under different viscosity and voltage

In electrospinning, the morphology of the electrospun
products varied with concentration of the SF solutions. Fig. 1
showed the variation in viscosity with the concentration of
SF solutions. At concentration above 30% (w/w), the viscosity
increased dramatically, which indicated that there were exten-
sive chain entanglements at this concentration [1].

The SEM micrographs of electrospun fibers from SF solu-
tions with different concentrations or viscosities, ranging from
about 28% (w/w) to about 37% (w/w) and from SF solutions
with a concentration of 34% (w/w) at a series of voltage
from 12kV to 20 kV, were shown in Figs. 2 and 3, respec-
tively. SEM photographs showed that the SF fibers deposited
randomly and the thickness was from 500 nm to 10 pm. SF fi-
bers intersected each other to make up numerous pores, whose
size reached up to several tens of microns, which made the SF
non-woven mats to have a very porous structure. As shown
in Fig. 2, at concentration of 28% (w/w) (Fig. 2(a)), fibers
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Fig. 1. Variation in viscosity with the concentration of SF aqueous solution.

together with droplets and beaded fibers were observed; at a
higher concentration of 32% (w/w), droplets disappeared and
the beaded fibers became fewer; no droplets or beaded fibers
were observed at the concentration of 34% (w/w) or 37%
(w/w). Since jet breakup depends on viscosity [19,20], based
on the relationship between concentration and viscosity shown
in Fig. 1, the jet with a low concentration broke into droplets
readily and a mixture of fibers, bead fibers and droplets as a
result of low viscosity was generated, fibers had an irregular
morphology with large variation in size, while jet with high
concentration didn’t break up but traveled to the grounded
target and tended to facilitate the formation of fibers without
beads and the decrease of droplets for high viscosity, fibers
became more uniform and had regular morphology. However,
there was a high concentration end because the solution with
concentration of about 37% (w/w) was proved difficult to
flow through the syringe needle of the apparatus and the drop-
let of solution suspended at the end of the syringe needle dried

Fig. 2. The morphology of fibers at the voltage of 20 kV at concentration of (a) 28%, (b) 30%, (c) 32%, (d) 34%, (e) 37% with a constant spinning distance of

18 cm (scale bar, 100 pm).
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Fig. 3. The morphology of fibers at the concentration of 34% at voltage of (a) 12 kV, (b) 14 kV, (c) 16 kV, (d) 18 kV, (e) 20 kV with a constant spinning distance of

18 cm (scale bar, 100 um).

readily in the electrospinning process. Fig. 3 showed the ef-
fects of the electrical field on the morphology of the fibers.
In the experiments, the beads were found in the electrospun
products when the applied voltage was not higher than
16 kV and there were few beads at the voltage of 18 kV or
20 kV. Because the distance was fixed, higher voltage resulted
in a higher charge density on the surface of the solution jet
during the electrospinning process. Like the addition of salt
to the solution, that higher net charge density resulted from
higher voltage on the jet also imposed higher elongation forces
to the jet, which resulted in small beads and smooth fibers
were produced [3]; however, further increasing voltage may
decrease the stability of the initiating jet and the fibers became
rough [19].

The solution with a concentration of 34% (w/w) was cho-
sen to fabricate non-woven mats at the voltage of 20 kV
with a spinning distance of 18 cm, the detailed morphology
of fibers is shown in Fig. 4, the fibers had a belt-like

morphology instead of general wire morphology. In fact, fibers
in the products electrospun under all preparation conditions
had the belt-like morphology in this study. Koombhongse
et al. [21] considered that the belt-like morphology resulted
from the presence of a thin, mechanically distinct polymer
skin; in brief, after the skin formed, the solvent inside escaped,
atmosphere pressure tended to collapse the tube formed by the
skin as the solvent evaporated, the circular cross section be-
came elliptical and then flat, forming a ribbon with a cross-
sectional perimeter nearly the same as the perimeter of the
jet. Therefore, this phenomenon may be a sign that indicated
a skin was formed on the liquid jet.

3.3. The structure of the non-woven mats
Infrared spectroscopy (IR) had been often applied to study

the molecular conformation of silk fibroin fibers or films.
Random coil showed strong absorption bands at 1665 cm™'



6326 C. Chen et al. | Polymer 47 (2006) 6322—6327

Fig. 4. SEM images of the electrospun fibers from the SF aqueous solution with a concentration of 34% at the voltage of 20 kV with a constant spinning distance of

18 cm: (a) x 1000 (scale bar, 10 um), (b) x5000 (scale bar, 1 pm).

(amid I), 1540 cm ™' (amid IT) and 1235 cm™ ' (amid III), while
the B-sheet showed absorption bands at 1628 cm ™! (amid 1),
1533 cm ™! (amid II) and 1265 cm ™! (amid III) [22]. As shown
in Fig. 5, the structure of the as-spun mats was characterized
by absorption bands at 1647 cm™' (amid I) and 1535 cm™!
(amid 1II), attributed to the random coil or silk I; random coil
form and silk I were not differentiated here because of the sim-
ilarity between their infrared spectra [23]. On the contrary, the
fibers showed strong B-sheet absorptions at 1626 cm™' (amid
I) and 1519 cm ™! (amid II) after methanol treatment. Fig. 6
showed the wide-angle X-ray diffraction (WAXD) patterns.
The WAXD patterns of as-spun fibers exhibited only a broad
peak centered at 22.8°, no groups of diffraction peaks charac-
teristic of the crystalline B-sheet were found, which indicated
that the SF was amorphous in the as-spun fibers. This result
can be explained by the facts that the rapid evaporation of
the solvent, the slow rate of crystallization for SF from water
as well as the short travel time of the jet in air before depos-
iting on the collecting device placed a limit on molecular re-
arrangement and crystallization, even though the elongation
rate reached up to 10° times in a short distance in less than
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Fig. 5. FTIR-ATR spectra of electrospun fibers: (a) as-spun fibers, (b) methanol-
treated fibers.

a minute [16]. After methanol treatment, a peak at 20.7° (crys-
talline spacing of 4.3 A) was observed from WAXD, this peak
was a characteristic of B-sheet structure [24—26]. WAXD data
confirmed the conversion observed in FTIR that the structure
transformed from predominantly random coil into predomi-
nantly B-sheets. The thermograms of the fibers are shown in
Fig. 7. Both samples exhibited two big endothermic peaks
around 100 °C and 280 °C. The former was attributed to evap-
oration of the water and the latter was attributed to the destruc-
tion of the SF. For the as-spun fibers, a small exothermic peak
appeared at 228 °C, which indicated that a cold crystallization
of B-crystallites from the random coil occurred [27]. For the
methanol-treated fibers, no exothermic peak was observed
till the sample was heated to degradation point. Though heat
treatment can also induce conformational transitions, that the
fibers after methanol treatment have a higher degradation tem-
perature indicates that the thermal degradation temperature
seems to be more affected by methanol treatment compared
with the heat treatment. The thermo analysis results were con-
sistent with the conclusions from FTIR and WAXD that the SF
was uncrystallized in the as-spun fibers.
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Fig. 6. WAXD of electrospun fibers: (a) as-spun fibers, (b) methanol-treated
fibers.
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Fig. 7. DSC thermographs of fibers: (a) as-spun fibers, (b) methanol-treated
fibers.
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Fig. 8. Mechanical property plot of electrospun fibers.

3.4. Mechanical properties of the non-woven SF fibers

The results of the mechanical tests are shown in Fig. 8. As-
spun fibers displayed a break stress of 0.82 MPa and strain of
0.76%, while after methanol treatment, with (-sheet structure
formation, the stress and strain at break increased to
1.49 MPa and 1.63% respectively, which were comparable
with the results obtained by Jin et al. [28] and Yang et al.
[29]. The decrease in modulus of methanol-treated mats may
be attributed to an increase in the flexibility; however, it is dif-
ficult to correlate these stress—strain curves with the structures
in atomic level because the curves of these non-woven fibers
depend on the assembles of these fibers rather than the struc-
tural character of a fiber molecule.

4. Conclusion

Electrospinning process of a stable aqueous solution at a
high concentration was conducted successfully and the products
were studied. The fibers had a belt-like morphology. The struc-
ture of as-spun fibers was predominantly random coil because
there was not enough time for molecular arrangement and crys-
tallization. As-spun mats had a break stress of 0.82 MPa and
strain of 0.76%. After the traditional SF conformational transi-
tions were induced with methanol, the stress and the strain at
break increased to 1.49 MPa and 1.63%, respectively.
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