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Tussah silk fibroin (TSF), a fibrous biopolymer from wild silkworm of the species
Antheraea pernyi, was first electrospun using 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP) as solvent at a concentration of 8% (by weight). The effect of processing

parameters on the morphology, structure and mechanical properties of electrospun
TSF nanofibres was investigated. The electrospun TSF nanofibres presented the 
band-like morphology using a rectangular aluminium foil as collecting plate and the
average diameters ranged from 245 nm to 439 nm according to different spinning
parameters. At a spinning distance of 10 cm, the increase of spinning voltage induced
the conformation transition of TSF nanofibres from α-helix to β-sheet and random coil;
however, at a spinning voltage of 15 kV, the increase of spinning distance induced the
conformation transition of TSF nanofibres from random coil to α-helix. Nevertheless,
the variation of processing parameters could not change the fact that α-helix and 
β-sheet conformations co-existed in the fibres and α-helix was the main structure. The
mechanical properties of non-woven TSF nanofibrous mats depended more on the
assembly of the fibres than on the fibre structure, and the nanofibrous mats with small
diameters showed higher mechanical properties. The study showed that the thin and
relative uniform rod-like nanofibres with an average diameter of 245 nm could be
obtained through a rotary roller as a collecting device. The nanofibrous scaffold 
prepared in this paper makes a promising candidate scaffold for tissue engineering
because of the especial tripeptide sequence of Arg-Gly-Asp (RGD) in TSF.

INTRODUCTION

Electrospinning technique is a 
simple and effective method to 
produce polymer nanofibres with
diameter in the range from several
micrometers down to tens of
nanometers. In recent years, 
three-dimensional nanofibrous
scaffolds prepared by electrospin-
ning technique have received a
great deal of attention for tissue
engineering because they cannot
only mimic the nano-sized dimen-

sion of natural extracellular 
matrices (ECMs) but can also form
a defined architecture to guide cell
growth and development as needed
[1].

Silkworm silks, including
domestic silk and various wild
silks, are the valuable candidate
materials for biomedical applica-
tions for their distinctive biomedical
properties including good biocom-
patibility, blood compatibility, good
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oxygen and water permeability, biodegradability,
non-cytotoxicity and minimal inflammatory reaction
[2,3]. Zarkoob et al. reported the electrospinning of
domestic silk fibroin (SF), and obtained nanofibres
with a diameter range between 6.5 nm and 200 nm
using HFIP as solvent in their research [4]. Many
related research works have indicated that the SF
nanofibre mats are very effective on the adhesion and
proliferation of fibroblast, osteoblast, human 
keratinocyte, etc. [5,6]. Accordingly, a variety of
blend nanofibres, such as SF/chitosan [7], SF/gelatin
[1], SF/PEO [8], SF/cellulose acetate [9] and
SF/BMP-2 [10] have been prepared through electro-
spinning in various solvents. 

In the electrospinning, the process parameters
such as spinning voltage, spinning distance and the
type of collectors have been examined as the crucial
elements to control the fibre diameters and morphol-
ogy. However, the effect of these parameters on fibre
formation was at variance for different polymer 
solutions due to their differences in solution 
properties such as conductivity and viscosity.
Sukigara et al. and Amiraliyan et al. studied the effect
of process parameters on the morphology of 
electrospun SF nanofibres using formic acid as the
solvent and optimized the process parameters [11,12].
However, it is also a key issue for the electrospinning
of silk fibroin solution to control the conformation
transition of silk fibroin in addition to obtaining the
best fibre morphology [13]. Until now, there is no
report on the effect of process parameters on the 
conformation of silk fibroin during electrospinning. 

Tussah silk fibroin (TSF) is a fibrous biopolymer
produced by a wild silkworm of the species
Antheraea pernyi. In contrast to the amino acid 
composition of domestic silk fibroin, the alanine
residue content of TSF is higher than that of 
domestic silk fibroin. There are many repeated 
-(Gly-Ala-Gly-Ser)n sequences in the crystalline
region of domestic silk fibroin; however, there are
mainly -(Ala)n- sequences in the crystalline region of
TSF. Moreover, it is well known that the presence of
the tripeptide sequence of Arg-Gly-Asp (RGD) in
TSF may act as a biological recognition signal, 
promoting cell adhesion, and consequently, make
TSF suitable for biomedical application [14]. 

Since the dissolution of Tussah silk fibres is 

difficult, the research on the biomaterials based on
TSF is rather lacking compared with domestic silk
fibroin. Zhang et al. prepared SF/TSF blend 
nanofibres by electrospinning, and found that SF and
TSF were incompatible; but the addition of TSF
could promote the adhesion and proliferation of cells
[15]. Our work gives an indication that the 
electro-spinnability of TSF solution could be
improved dramatically through adding 10% PLA, and
the average diameter of TSF nanofibres decreases
with an obvious improvement in fibre diameter 
uniformity [16]. However, apart from them there is
no other report on electrospun TSF nanofibres yet.

In this article, pure electrospun TSF nanofibres
were first prepared using HFIP as solvent, and the
morphology change and conformation transition of
TSF nanofibres under different process parameters
were specifically investigated.

EXPERIMENTAL

Materials
Antheraea pernyi cocoon came from Henan, 
China. 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP)
was supplied by Shanghai Chemical reagent Co.,
China. All chemical reagents are analytical grades.

Solution Preparation 
To remove the sericin, Antheraea pernyi cocoon was
degummed using 0.5% Na2CO3 solution at 100°C
three times. Degummed Tussah fibre was dissolved in
9 M aqueous lithium thiocyanate solution at a liquor
ratio of 10:1 by stirring at 55°C for 1 h. Then the TSF
aqueous solution was filtered to remove the non-
soluble part, and then dialyzed for 3 days in distilled
water. The TSF solution was lyophilized to obtain the
regenerated TSF sponge. The sponge was dissolved
in HFIP at a concentration of 8% (by weight) for 
electrospinning.

Electrospinning Process
The electrospinning apparatus was composed of a
high voltage power supply, a syringe pump, a syringe
and needle (0.9 mm OD × 0.5 mm ID) and a 
rectangular (20×10 cm) aluminium foil collecting
plate. The TSF solution was placed into a 10 mL
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Table 1. Processing parameters of electrospinning.

syringe with a stainless needle connected to the 
positive electrode of a high voltage power supplier,
and its negative electrode was clipped in the 
aluminium foil or a roller collecting device. The flow
rate was 0.3 mL/h controlled by the syringe pump.
The spinning voltage and the distance between the
needle tip and the aluminium foil are shown in Table
1. This study was based on the effect of spinning 
voltage and spinning distance using a rectangular 
aluminium foil as the collecting plate. 

Characterization 
The samples collected were coated with gold film in
order to observe the morphology of electrospun
nanofibres. The instrument was a Jeol JSM-5600LV
electron microscope (Japan) with an accelerating 
voltage of 15 kV. The fibre diameter distributions are
sampled from 100 different locations of fibre-crossing
on the SEM micrographs.

FTIR Spectra of TSF nanofibres were recorded
with a Nicolet Nexus 670 FTIR spectrometer (USA),
using the KBr disc technique (1 mg powdered 
samples/300 mg KBr). 100 Scans were taken with a
resolution of 2 cm-1.

The intensity ratio of Hβ-sheet/Hα-helix was 
calculated according to the height ratio of the peaks at
1230 and 1260 cm-1. 

X-Ray diffraction was recorded at a scanning
speed of 0.02°/s with a Rigaku-D/Max-2550PC 
diffractometer (Japan) using Ni-filtered CuKα
radiation of wavelength 0.1542 nm. The operating
voltage and current were 40 kV and 30 mA, 
respectively.

Mechanical Properties Measurement
The stress-strain curve was recorded on an Instron
tester (Model 3365) at room temperature under room
humidity. The electrospun nonwoven mats with 2 mm
width and 30 mm original length were prepared. The
thickness of the samples was from 0.15 to 0.30 mm.

The gauge length was set to be 15 mm and the rate of
the crosshead was 10 mm/min. The reported data of
breaking stress and strain represent the average results
of ten tests. The breaking stress was calculated
according to the formula (1).

(1)

RESULTS AND DISCUSSION

Effect of Spinning Voltage
Morphology 
The SEM micrographs of electrospun TSF nanofibres
at 8% (by weight) concentration and 10 cm spinning
distance under different voltages are shown in Figure
1. Electrospun TSF nanofibres had a belt-like 
morphology with a wide diameter distribution instead
of the general wire morphology with a uniform fibre
structure obtained in electrospinning of B. mori silk
fibroin using HFIP as solvent [4]. In addition, fibres'
adhesion and bifurcation were also observed in the
TSF electrospinning due to the incomplete solvent
evaporation and jet split. Electrospinning of TSF 
solution with a lower concentration was also 
performed in our experiment, but the fibres presented
a belt-like morphology linked together with beads
(not shown). 

At a concentration of 8% (by weight) and a 
spinning distance of 10 cm, the average diameters of
TSF nanofibres obtained at the spinning voltages
ranging from 8 kV to 20 kV were below 450 nm, and
the minimal diameters of these nanofibres were less
than 100 nm, but the diameters of TSF fibres under
these spinning voltages showed a greater degree of
dispersion (Table 2). TSF nano-fibres, prepared at a
lower spinning voltage of 8 kV, exhibited a larger
diameter with a wider distribution. High spinning
voltage is conductive to the drawing of the jet and can
enhance the charge density on jet surface [17]; hence, 
enhancing the capability of jet split, which results in
smaller fibre diameter. At the spinning voltage of 
12 kV, electrospun nanofibres had the minimal 
average diameter (245 nm) and the narrowest 
distribution of diameter. However, with spinning 
voltage increasing to 16 kV or 20 kV, it was difficult
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for the initiating jet to stay stable at the end of 
spinneret, and the spinning solution had been inject-
ed into the collection plate without sufficient drawing
and splitting [18], leading to the increases in fibre
diameter.

Structure
FTIR is a powerful and common tool for the protein
conformation analysis, and therefore it is widely used 

Table 2. Diameter data of electrospun TSF nanofibres at
different spinning voltages.

to study silk fibroin. At a concentration of 8% (by
weight) and a spinning distance of 10 cm, FTIR 
spectra of TSF nanofibres under different spinning
voltages showed similar characterized absorption
peaks (Figure 2). The strong absorptions at 1649,
1541 and 1260 cm-1 are attributed to α-helix 
conformation, whereas the shoulder peak at 1518 cm-1

and the peak at 1230 cm-1 are attributed to β-sheet
conformation. It means that α-helix and β-sheet 
conformations co-exist in the TSF nanofibres, and 
α-helix conformation is predominant. 

However, it can be revealed that changing 
spinning voltage still has affected the conformation
of TSF nanofibres through analyzing the peaks in
amide III region (1200-1300 cm-1). Park et al. and Li
et al. reported that α-helix conformation of TSF
showed a strong absorption band at 1260-1270 cm-1,
whereas the absorption of β-sheet conformation
appeared at 1235 cm-1 [19,20]. As shown in Table 3,
with the changing spinning voltage from 8 kV to 
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Figure 1. SEM Micrographs of electrospun TSF nanofibres at spinning voltages of: (a) 8 kV, (b) 12 kV, (c) 16 kV and (d) 20 kV.

Diameter 
(nm)

Spinning voltage (kV)

8 12 16 20

Minimum  
Average 
Maximum 
Standard deviation

64
432
1288
177.1

54
245
913
78.4

91
439
2335
237.1

85
359
1162
96.9



Figure 2. FTIR Spectra of electrospun TSF nanofibres at
spinning voltages of: (a) 8 kV, (b) 12 kV, (c) 16 kV and 
(d) 20 kV.

16 kV, the absorption peak assigned to α-helix has
moved to lower wavenumber in amide III region,
whereas those assigned to β-sheet has moved to 
higher wavenumber; with the spinning voltage further
increase to 20 kV, the former moved to higher
wavenumber, whereas the latter moved to lower
wavenumber.

Therefore, with the increases in spinning voltage,
a complicated change occurs in molecular con-

Table 3. Hβ-sheet/Hα-helix of TSF nanofibres in the amide III
region at different spinning voltages.

Figure 3. X-Ray diffraction curves of electrospun TSF
nanofibres at spinning voltages of: (a) 8 kV, (b) 12 kV, (c) 
16 kV and (d) 20 kV.

formation of TSF nanofibres, which do not 
completely transform into ordered β-sheet structure,
and there also exists a transition from extended
molecular chain to helix structure. Hβ-sheet/Hα-helix is
intensity ratio of peaks at 1230 and 1260 cm-1 in
amide III, which can be used to indicate relative
changes in molecular conformation of TSF, and the
calculation results are shown in Table 3. 

At spinning voltage below 16 kV any increase in
spinning voltage would enhance the drawing action
on the polymer jet given by electrostatic force which
makes TSF molecular chains transformed from 
α-helix to extended β-sheet structure. However, when
the spinning voltage is above 16 kV, the β-sheet 
structure in TSF nanofibres is decreased. The reason
may be that the molecular chains in TSF solution can
be quickly disentangled under higher voltage, 
however, the jets of spinning solution have no other
constraint except electrostatic force in electro-
spinning, and the disentangled molecular chains 
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Spinning
voltage

(kV)

Wavenumber (cm-1) Hβ-sheet/
Hα-helix

α-helix β-sheet

8
12
16
20

1261.2
1259.3
1259.3
1261.2

1226.5
1230.4
1232.3
1230.4

0.947
0.990
1.041
0.909

  



running in three-dimensional space can transform into
helix structure through their own movement. 

As it is shown in Figure 3, X-ray diffraction curves
of TSF nanofibres prepared under different spinning
voltages consist of two apparent peaks, a sharp peak
at 2θ of 10.4° and a broad peak at 22.0°. Zarkoob et
al. and Amiraliyan et al. found the absence of 
crystallinity in the electrospun domestic silk fibroin
fibres [4,21], whereas in the current work electrospun
TSF nanofibres exhibit a relatively higher crystallini-
ty. The reason can be explained as follows, the alanine
residues composed of crystalline regions of TSF
could pact more closely than alanine-glycine
sequence of domestic silk fibroin due to their 
simplicity and homogeneity. 

The former peak in X-ray diffraction curves is the
characteristic peak of α-helix crystal, and the peak is
sharp with high diffraction intensity at the spinning
voltage of 8 kV. With the increases in spinning 
voltage, the intensity of this diffraction peak is
reduced whereas the peak width is increased, but
when the voltage is raised to 20 kV, the peak is
enhanced further again. In addition, TSF nanofibres
under the voltage of 8 kV has a shoulder peak at
12.2°, attributed to the reflection of α-helix crystal of
TSF, which disappears when the voltage is raised to
16 kV, but it reappears when the voltage is increased
to 20 kV. These results indicate that the increase of
spinning voltage leads to the decrease in α-helix
structure in TSF nanofibres, but when the spinning
voltage exceeds 16 kV, the content of α-helix struc-
ture increases again.

On the other hand, the broad peak of TSF nano-
fibres at 22.0° should be the superposition of some
minor peaks (Figure 3), including the peaks at 2θ of
16.8°, 20.0° and 24.5° attributed to β-sheet crystals
and the peaks at 21.5° and 23.0° attributed to α-helix
crystals [22,23]. With the increased spinning voltage,
the intensity of the peak at 22.0° increases, although
the maximum resolution of the peak is observed at the
spinning voltage of 16 kV. As before, at spinning 
voltage below 16 kV, any increase in spinning voltage
leads to the reduction in α-helix structure in TSF
nanofibres. Therefore, the enhancement of the peak at
22.0° in diffraction intensity should be attributed to
the increase of β-sheet structure in TSF nanofibres;
that is, increasing spinning voltage may induce the

structural change of TSF from α-helix to β-sheet.
Moreover, when the spinning voltage is higher than
16 kV, the transition of β-sheet into α-helix would
result in increase of α-helix structure in TSF nano-
fibres. The results of X-ray diffraction analysis also
confirm the variation regularity of TSF conformation
with spinning voltage in FTIR analysis. 

As shown in Figure 3, when the spinning voltage
is 8 kV, the crystallinity of electrospun TSF nano-
fibres is at its highest point, where the lower voltage
probably facilitates the prolonging of transportation
time of polymer jet in the air, and thus prolonging the
time for the rearrangement and crystallization of TSF
molecular chains. With increased spinning voltage the 
crystallinity is reduced, suggesting that higher voltage
not only induces the transition from α-helix to 
β-sheet, but also increases the content of random coil.
However, when spinning voltage is raised to 20 kV,
the fibre crystallinity is increased again, which 
can be interpreted as follows, the intermolecular 
entanglement can be destroyed quickly under high
spinning voltage, contributing to the adjustment and
crystallization of molecular chains in TSF nanofibres.  

Tensile Properties 
The results of the mechanical tests of electrospinning
nanofibre mats at 10 cm spinning distance under 
different spinning voltages are shown in Figure 4 and
Table 4. These samples show a similar tensile 
behaviour. The initial part of the tensile curves shows 

Figure 4. Stress-strain curves of electrospun TSF nanofibre
mats at spinning voltages of: (a) 8 kV, (b) 12 kV, (c) 16 kV
and (d) 20 kV.
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Table 4. Mechanical properties of TSF nanofibre mats 
prepared at different spinning voltages.

a linear region with a small initial modulus mostly
due to the cohesive forces in nanofibre assembly 
produced by fibre-to-fibre contacts. A pseudo-yield
point is also observed after the initial linear portion of
the stress-strain curves followed by a gradual reduc-
tion in modules caused by the initiation of fibre slip-
page. The fibre slippage leads to slight fibre 
alignment along tensile axis that causes a slower
increase in stresses. 

Further increase in strain leads to lower cross-
section of the specimens and thus lower number of
fibres which results in the final fracture of fibre
assembly [24].

Electrospun TSF nanofibre mats displayed a
breaking stress varying from 0.671 to 1.165 MPa
under different spinning voltages, whereas breaking
strain is from 2.15 to 4.05% (Table 4). At a spinning
voltage of 12 kV, the nanofibre mats exhibit a great-
est stress and strain-at-break, which should be related
to the highest number of fibres in cross-section of the 
specimens which was a consequence of the smallest
fibre diameter. Accordingly, the larger fibre diameters
under the spinning voltage of 8 kV have led to a 
minimal breaking stress and breaking strain of
nanofibre mat. Therefore, the tensile behaviour of 
these nonwoven nanofibre mats depends foremost on
the assembling of these fibres. However, it seems that
the molecular structure of fibres also affects the 
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Spinning voltage
(kV)

Breaking stress
(MPa)

Breaking strain
(%)

8
12
16
20

0.671
1.165
1.112
0.846

2.15
4.05
2.52
2.54

Figure 5. SEM Micrographs of electrospun TSF nanofibres at spinning distances of: (a) 7 cm,
(b) 10 cm, (c) 13 cm and (d) 16 cm.

  

  

(a) (c)

(b) (d)



Table 5. Diameter data of electrospun TSF nanofibres at 
different spinning distances.

mechanical property of nanofibre mats because the
breaking stress of TSF nanofibre mat prepared at the
spinning voltage of 16 kV, in spite of its largest 
average diameter among these samples, is greater than
that of those prepared at 8 kV and 20 kV spinning
voltages (Table 4). This is mainly due to the β-sheet
structure in the TSF nanofibres obtained at 16 kV
spinning voltage.

Effect of Spinning Distance
Morphology 
The SEM micrographs of electrospun TSF nanofibres
at 8% (by weight) concentration and 15 kV spinning
voltage under different spinning distances are shown
in Figure 5. The average diameter of fibres has
increased gradually with increase in spinning distance
(Table 5). This can be explained by the fact that the
increases in spinning distance would weaken the 
electric field intensity, and thus the splitting of poly-
mer jet is weakened and the drawing force imposed by
electric field is reduced, leading to a higher fibre
diameter. The changes in spinning distance can affect
the morphology of electrospun nanofibres. Fibre 
bifurcation can be observed in the SEM micrographs
under the shorter spinning distance of 7 cm and 
10 cm, and it is because the polymer jet without fully
splitting reaches the collection plate in a short 
time before being fully drawn. Too long or too short
spinning distance would both reduce the diameter 
uniformity of electrospun TSF fibres. The nanofibre
mat with relatively uniform diameter distribution 
was obtained at a spinning distance of 13 cm
(Table 5).

Structure 
At 8% (by weight) concentration and 15 kV spinning 

Figure 6. FTIR Spectra of electrospun TSF nanofibres at
spinning distances of: (a) 7 cm, (b) 10 cm, (c) 13 cm and 
(d) 16 cm.

voltage, FTIR spectra of electrospun TSF nanofibres
under different spinning distances are shown in
Figure 6. It can be judged from the absorption bands
in amide region that TSF nanofibres under different
spinning distances are still comprised of mixtures of
α-helix and β-sheet conformations, and α-helix con-
formation is the predominant structure. Moreover, the
position and intensity of these absorption bands in the
amide region do not change with increases in spinning 
distance, suggesting the absence of conformation
transition between α-helix or random coil and β-sheet
implying that, the changes in spinning distance did
not change the content of β-sheet structure in the
fibre.

X-Ray diffraction curves of electrospun TSF
nanofibres under different spinning distances are still
composed of two peaks positioned at 10.4° and 22.0°
(Figure 7). The diffraction peak at 2θ of 10.4°
assigned to α-helix structure has intensified with the
elongation of spinning distance, which demonstrates 
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Diameter 
(nm)

Spinning distance (cm)

7 10 13 16

Minimum  
Average 
Maximum 
Standard deviation

55
306
1570
137.7

60
342
2071
136.8

52
385
1555
138.6

67
406
2825
211.1



Figure 7. X-Ray diffraction curves of electrospun TSF
nanofibres at spinning distances of: (a) 7 cm, (b) 13 cm and
(c) 16 cm.

an increase of α-helix structure in TSF nanofibres.
Obviously, the increase in α-helix structure is
ascribed to the conformation transition of TSF from
random coil to α-helix structure, because it is difficult
to differentiate the transition between the two 
conformations by FTIR spectra due to the similarity
between their infrared absorptions.

As mentioned earlier, the broad peak of TSF
nanofibres at 22.0° should be the superposition of
some minor peaks including α-helix and β-sheet
structures, which would increase the peak intensity
with the increases in spinning distance (Figure 7).
Obviously, the result can be explained by the increase
of α-helix structure while remaining stable in β-sheet
structure. With the increase of spinning distance, the
electric field intensity is decreased, thus the drawing
force imposed by the electric field is reduced.
Accordingly, the transporting time of polymer jet in
the air is prolonged. Therefore, a smaller drawing
force is insufficient to promote TSF molecules to
transform into β-sheet structure, as it only triggers the
transition from random coil to α-helix structure. At
the same time, a longer transporting time may be
helpful for the adjustment of TSF molecular chain,
resulting in higher degree of crystallinity.

Figure 8. Stress-strain curves of electrospun TSF nanofibre
mats at spinning distances of: (a) 7 cm, (b) 13 cm and (c) 
16 cm.

Tensile Properties
The mechanical properties of electrospinning 
nanofibre mats at a spinning voltage of 15 kV under
different spinning distances are shown in Figure 8 and
Table 6. With spinning distance increasing from 7 cm
to 16 cm, the breaking stress of nanofibre mats is
reduced from 1.72 to 1.07 MPa, while the breaking
strain is reduced from 3.48% to 1.49%. Thus, the
mechanical properties of the nonwoven mat with 
randomly distributed nanofibres depend more on the 
assemblage of these fibres rather than the structural
characteristics of a fibre molecule [25]. The fibre
diameter is the most important factor to affect
mechanical properties of nanofibre mat, and a 
smaller fibre diameter leads to a better mechanical
properties.

Electrospinning Process Optimization
Based on the above results, the process optimization 

Table 6. Mechanical properties of TSF nanofibre mats 
prepared at different spinning distances.
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Spinning distance
(cm)

Breaking stress
(MPa)

Breaking strain
(%)

7
13
16

1.717
1.190
1.072

3.48
2.53
1.49



of electrospinning was performed further. The 
experimental result showed that the best condition of
preparing TSF nanofibres was a spinning distance of
13 cm and a spinning voltage of 18 kV. Under this
condition, it formed continuous electrospun 
nano-fibres without adhesion between the fibres
(Figure 9a). The average diameter of TSF nanofibres
in this case was 350 nm with a variation coefficient of
0.47. TSF nanofibres became more uniform than
those obtained at a spinning voltage of 15 kV and a
spinning distance of 13 cm. However the belt-like
morphology of electrospun TSF nanofibres with a
wide diameter distribution has not changed through
adjustment of solution concentration, spinning 
voltage and spinning distance using an aluminium foil
as a collecting plate. This may be due to presence of
more hydrophobic alanine residues in TSF, which lead
to weaker solubility of TSF in HFIP solvent [26]. The

serious tangling of TSF macromolecules in solution
makes the drafting and shaping of fibres becoming
difficult in the electrospinning. In contrast to B. mori
silk fibroin, TSF exhibits poor spinnability for 
electrospinning. 

In order to learn the feasibility of obtaining the 
relative uniform rod-like TSF nanofibres, the type of
collector was changed further in this work. The SEM
micrographs of electrospun TSF nanofibres at a 
spinning voltage of 18 kV and a spinning distance of
13 cm using a roller collecting device with a diameter
of 20 cm and a speed of 50 r/min are shown in Figure
9b. It can be found that the type of collector 
affected the morphology of electrospun TSF nano-
fibres significantly through comparing the SEM
micrographs in Figures 9a and 9b. Owing to the 
drawing effect applied by rotating rotary roller, the
fibre diameters are reduced whereas the uniformity
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Figure 9. SEM Micrographs of electrospun TSF nanofibres at a spinning voltage of 18 kV and a spinning distance
of 13 cm using: (a) an aluminium foil collecting plate, (b) a roller collecting device and (c) the diameter distribution
of electrospun TSF nanofibres collected by the roller device.

  

(a) (b)

 

(c)



has improved significantly in contrast with the 
position of the plate collector. In this case the 
uniform and rod-like TSF nanofibres with an average
diameter of 245 nm were obtained (Figure 9c). 

CONCLUSION

Tussah silk fibroin, a wild silk fibroin with the RGD
sequence, was first electrospun using HFIP as the 
solvent, and the effect of process parameters on the
structure and mechanical properties of TSF 
nanofibres was specially studied. At a spinning 
distance of 10 cm, increasing spinning voltage led to
greater β-sheet content in TSF nanofibres, but it
resulted in lower crystallinity. However, when the
spinning voltage rose to 20 kV, the β-sheet content is
reduced again, though the crystallinity is increased.
At a spinning voltage of 15 kV, prolonging spinning 
distance has not changed the β-sheet content, but it
has induced the TSF molecular transition from 
random coil to α-helix. The fibre diameter has been
considered as the primary factor to influence the
mechanical properties of nonwoven nanofibre mats.
The TSF nanofibres display the band-like 
morphology using a rectangular aluminium foil as
collecting plate and the relative uniform rod-like
nanofibres could be obtained through a rotary roller
as a collecting device. This work provides a 
promising candidate scaffold for tissue engineering. 
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