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The outstanding properties of spider dragline silk are likely to be determined by a combination of the primary sequences and the
secondary structure of the silk proteins. Antheraea pernyi silk has more similar sequences to spider dragline silk than the silk from
its domestic counterpart, Bombyx mori. This makes it much potential as a resource for biospinning spider dragline silk. This paper
further verified its possibility as the resource from the mechanical properties and the structures of the A. pernyi silks prepared
by forcible reeling. It is surprising that the stress-strain curves of the A. pernyi fibers show similar sigmoidal shape to those of
spider dragline silk. Under a controlled reeling speed of 95 mm/s, the breaking energy was 1.04 X 10° J/kg, the tensile strength
was 639 MPa and the initial modulus was 9.9 GPa. It should be noted that this breaking energy of the A. pernyi silk approaches
that of spider dragline silk. The tensile properties, the optical orientation and the f-sheet structure contents of the silk fibers are
remarkably increased by raising the spinning speeds up to 95 mm/s.

1. Introduction

Spider dragline silk exhibits exceptional strength, toughness,
and resistance to mechanical compression, properties that
rival those of synthetic high-performance fibers such as
Kevlar [1-6]. Consequently, there is a wide spread interest
in mimicking natural silks in order to produce new classes
of high-performance materials [7-11]. The outstanding
properties of spider dragline silk are likely to be determined
by a combination of the primary sequences of the structural
proteins of each silk [12, 13] and secondary structure of the
silk which is affected by varying the processing conditions
[2, 14, 15]. These features have led to a decade of effort
to clone and express protein sequences of silks, with the
aim of providing protein feedstocks from which to extrude
filaments that reproduce the remarkable properties of silks
in a more consistent and controlled fashion. Unfortunately
the level of silk protein expression in heterologous systems
to date, both in prokaryotes and eukaryotes, has been
universally low [3, 16-20]. Since no enough regenerated or
recombinant spider dragline silk protein can be supplied

for biospinning, it is necessary to find an appropriate
resource to investigate the biospinning conditions. Bombyx
mori silk fibroin was selected as a model system to arti-
ficially spin silk fiber by many researchers [21-23]. This
is attributed to the similar spinning mechanism between
silkworm and spider, and the similar amino acid compo-
sition between B. mori silk fibroin and spider dragline silk
protein.

Comparing to the silk fibroin from domestic silkworm,
B. mori, the silk fibroin from its wild counterpart, Antheraea
pernyi (Chinese tussah), has more similar sequences to
spider (major ampullate) silk, since it mainly consists of the
repeated similar sequences by about 80 times where there
are alternative appearances of the poly(L-alanine) region
and the Gly-rich region [24-26]. In terms of the primary
sequences of the structural proteins of each silk, A. pernyi silk
fiber has much more potential as a resource for biospinning
spider dragline silk than B. mori silk fiber. However, detailed
comparison of the mechanical properties of A. pernyi silk
fiber and spider dragline silk was not found. In addition, it
has not been known how the processing conditions affect
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the performance and the structures of A. pernyi silk fiber,
especially its secondary structure.

Many efforts have been made over the past decades on the
artificial forcibly spinning of B. mori silk and spider dragline
silk [2, 14, 27-30]. Like spider, immobilized silkworm under
steady and controlled conditions produces stronger fibers
than naturally spun ones at higher spinning speeds. So
the production of silk fibers directly from silkworm before
developing a cocoon is an extremely attractive and highly
challenging objective in the emerging field of biomimetics.
However, few studies on artificial reeling silk from A.
pernyi were reported to date. The recent researches about
A. pernyi silk were mainly focused on A. pernyi silk fiber
modification [31, 32], A. pernyi silk fibroin dissolution
[33, 34], regenerated A. pernyi silk fibroin film [35-38],
and scaffolds from regenerated A. pernyi silk fibroin [39].
Moreover, report about regenerated A. pernyi silk fiber
prepared by biomimetic spinning was also not found.

In this paper, the mechanical properties and structures
of the silks rolled from an A. pernyi silkworm at controlled
spinning speeds were investigated by using Instron material
testing system, infrared spectroscope, optical polarizing
microscope, and scanning electron microscope (SEM). Silks
were also forcibly reeled from a B. mori silkworm and
an Araneus ventricosus spider at the same conditions for
comparison of their mechanical properties. In this work, we
try to verify that A. pernyi silk fiber is a potential resource for
artificially biospinning spider dragline silk.

2. Experimental Section

2.1. Preparation of Silk Fibers. An A. pernyi silkworm was
obtained from Dandong, Liaoning province, China. It was
fixed with tape on a plate at the end of the fifth larval instar
to prevent the muscular action of its head and body. A single
monofilament was drawn from the spinneret at 22°C onto a
take-up spool that was driven by a motor positioned 10 cm
before the spinneret. The silk was reeled from the silkworm
at speeds in the range of 10 to 100 mm/s. The cocoon silk of
A. pernyi without degumming was obtained from a cocoon
spun by the above silkworm naturally.

Spider dragline silks and B. mori silks were also reeled
forcibly at a speed of 10 mm/s from an A. ventricosus spider
and a B. mori silkworm, respectively.

2.2. Cross-Sectional Analysis of Silk Fibers. Silk fibers were
embedded in black wool and were then cut into thin cross
section slices (20 ym thick) by using Y172 fiber slice cutter
(Changzhou No.1 Textile Equipment Co. Ltd., China). A
microscope (BX-51, Olympus, Tokyo, Japan) was used to
observe the cross section of the slices. Initial sample cross-
sectional areas were calculated from these measurements
using Image-Pro Express (v 5.1; Media Cybernetics, Inc.,
Bethesda, MD, USA), assuming that sample volume is
conserved during the tensile tests [28, 40]. The cross-
sectional areas were needed to rescale force-displacement
plots as engineering stress-strain curves. Ten measurements
were performed in each case.
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2.3. Tensile Tests of Silk Fibers. Silk samples were cut and
mounted on cardboard frames for tensile testing as described
previously [27-29, 40, 41]. All measurements were carried
out on an Instron 5565 materials testing machine (Instron,
Canton, MA, USA) at a crosshead speed of 1 mm/min. The
gauge length for the testes was 10 mm. Twenty measurements
were performed in each case at 22°C and 51% relative
humidity.

2.4. Orientation of A. pernyi Silk Fibers. The birefringence
index of A. pernyi silk fiber was measured using a polar-
ized microscope (BX-51, Olympus, Tokyo, Japan) equipped
with a thick Berek compensator. Twenty specimens were
measured in each case. Optical orientation f was evaluated
according to the equation

f= % % 100(%) (1)

in which An and I, represent the birefringence of A.
pernyi silk fiber and the ideal birefringence value (0.068)
corresponding to the perfectly oriented fibroin molecules
[42], respectively.

2.5. Conformation of A. pernyi Silk Fibers. Conformational
characterization of A. pernyi silk fiber was performed
by Fourier transform infrared spectroscopy (FT-IR) with
a Nicolet Nexus-670 FT-IR spectrometer. Spectra were
recorded with the KBr pellet technique. The crystallinity
index was calculated according to the equation [36]

Crystallinity index = Igﬁ, (2)
Iss0
where Iogs is the intensity of amide IV component at
966 cm™! (attributed to f-sheet structure) and Igg is the
intensity of amide V component at 660 cm™! (attributed to
random coil).

2.6. Surface Morphology of A. pernyi Silk Fibers. Surface
morphology was observed through a SEM (JSM-5600LV,
JEOL, Japan) at 10 kV after gold coating.

3. Results and Discussion

3.1. Mechanical Characteristics of A. pernyi Silk Fibers and
the Effects of Spinning Speed on Their Mechanical Properties.
Figure 1(a) shows the stress-strain curves of the A. pernyi
fibers obtained at different spinning speeds and the A.
pernyi cocoon silk without degumming. To compare the
mechanical characteristics of A. pernyi silk, A. ventricosus
spider dragline silk, and B. mori silk, the stress-strain curves
of these silks reeled at 10 mm/s are shown in Figures 1(b),
1(c), and 1(d), respectively. It can be noticed that the stress-
strain curves of the A. pernyi fibers show similar sigmoidal
shape to that of the A. ventricosus spider. Three regions can
be distinguished in the curves of Figures 1(a), 1(b), and
1(c): an initial linear elastic region (A), a yield region (B),
and a hardening region (C). The dragline silks of Argiope
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FIGURE 1: Stress-strain curves of (a) A. pernyi silks obtained at different spinning speeds, natural cocoon silk of A. pernyi, (b) A. pernyi silk,
(c) A. ventricosus spider dragline silk and (d) B. mori silk forcibly reeled at 10 mm/s.

trifasciata [40], Nephila pilipes [43], and Nephila edulis
[2, 44] also exhibited consistent stress-strain curves with
Figure 1(c). The sigmoidal “rubber-like” shape of the stress-
strain curves appears to be a common feature characterizing
spider dragline silk and A. pernyi silk.

In Figure 1(d), the stress-strain curve of the B. mori
fiber also starts with an elastic region (A). However, this
region is followed directly by strain hardening where the
stress increases nonlinearly with strain (C). For the B. mori
silks forcibly reeled at other speeds and the naturally spun
B. mori silks [14, 30, 45], similar stress-strain curve shapes
to Figure 1(d) were also reported. These curves are much
different from those of spider dragline silk and A. pernyi silk.
Hence, in terms of the stress-strain curves, the A. pernyi silks
are more similar to the spider dragline silks than to the B.
mori silks.

Since the average spinning speed of silkworm for cocoon
spinning is 9.4-9.6 mm/s [46], the initial reeling speed for
A. pernyi was set as 10 mm/s. As shown in Figure 1(a), the
stress-strain curve of the forcibly reeled A. pernyi silk fiber

at 10 mm/s is close to the curve of the natural cocoon silk of
A. pernyi, when the latter is compared to the other two curves
of the A. pernyi silk fibers reeled at 95 and 100 mm/s.

When the reeling speed increases from 10 to 100 mm/s,
no obvious change is observed for the shapes of the stress-
strain curves. However, there are a noticeably increasing ten-
dency of tensile strength and a decreasing tendency of strain
at breaking with increasing speed. From the above stress-
strain curves, tensile strength, elastic modulus, breaking
energy, and strain at breaking of the A. pernyi silk fibers are
obtained and shown in Table 1. The effects of spinning speed
on the tensile strength and elastic modulus of A. pernyi silk
fibers are shown in Figure 2. Our data indicate that the tensile
strength and initial modulus increase with reeling speed up
to 95 mm/s. However, both the tensile strength and initial
modulus decrease, when the reeling speed increases from
95 to 100 mm/s. On one occasion, we attempted to draw
silk at very high speeds above 100 mm/s, but this resulted
in thread breaking within a few seconds from the onset of
reeling. Table 1 shows the detailed mechanical parameters
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FiGure 2: Effects of the spinning speed on (a) the tensile strength, and (b) the initial modulus of A. pernyi silk fibers.

TaBLE 1: Comparison of mechanical properties, optical orientation and crystallinity index of A. pernyi silks, A. ventricosus spider dragline

silk, and B. mori silk.

Initial

Breaking Optical

Silk Sp 1r21r1r111r1§/3)eed streI;Fetr}llSl(llf/[Pa) modulus energy ts)izlknist orientation Cr)’isrizlel;nlty
8 (GPa) (x10° J/kg) & (%)
10 386 4.6 0.75 0.56 27.2 0.69
25 403 5.0 0.61 0.37 36.0 0.73
28 408 5.5 0.81 0.50 37.4 0.74
A, pernyisilk 52 483 7.2 0.63 0.32 39.4 0.76
68 567 8.7 0.73 0.31 41.5 0.80
95 639 9.9 1.04 0.40 46.4 0.84
100 564 7.9 0.84 0.37 54.0 0.77
Natural 362 48 0.64 0.50 20.4 0.71
Splnnlng
A. ventricosus
spider dragline 10 1020 7.6 1.34 0.37 — —
silk
B. mori silk 10 400 4.0 0.76 0.35 — —

of the A. pernyi silks, A. ventricosus dragline silk, and B.
mori silk. At 95mm/s, the average tensile strength of A.
pernyi silk was 639 MPa, the initial modulus was 9.9 GPa
and the breaking energy was 1.04 Xx10°J/kg. Compared
to the breaking energy of the B. mori silk reeled forcibly
at 10 mm/s (0.76x10° J/kg), the breaking energy of the A.
pernyi silk reeled at 95 mm/s approaches that of the spider
dragline silk reeled at 10 mm/s (1.34x10° J/kg). Shao and
Vollrath reported the breaking energy of the naturally spun
B. mori silk is 0.60x10° J/kg [14], while Vollrath reported
that of the N. edulis spider dragline silk reeled at 20 mm/s
is 1.65+0.3x10°J/kg [2]. In comparison with these data,
the A. pernyi silk reeled at 95 mm/s also exhibits impressive
toughness which is an unsurpassed property of spider
dragline silk.

Moreover, the tensile strengths of the A. pernyi silk fibers
obtained by forcibly silking at faster speeds are remarkably

higher than those of naturally spun silk fibers of A. pernyi and
B. mori (500 MPa) [14]. This is consistent with the results of
B. mori silks which were obtained by forced silking [27, 30].
From the above results, it is revealed that like the spider
dragline silk and B. mori silk, silk fiber with considerably
higher strength can be able to be produced from A. pernyi
silkworm by forcibly silking at faster spinning speed. It may
be possible to produce high performance fiber by using A.
pernyi silk fibroin as a resource for dissolution, regeneration,
and artificially spinning.

3.2. The Effects of Spinning Speed on the Crystalline Structure
and Molecular Orientation of A. pernyi Silk Fibers. FTIR
spectroscopy is useful in structural analysis of silk fibroin,
because the position and intensity of the amide bands
are sensitive to the molecular conformation. The native
and regenerated A. pernyi silk fibroin usually shows the
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FIGURE 3: (a) Relation between crystallinity index and breaking stress of A. pernyi silks and (b) relation between optical orientation and

breaking stress of A. pernyi silks.

characteristic absorption bands at 1660 (amide I), 1550
(amide II), 1270 (amide III), 896 (amide IV), and 620 cm™!
(amide V), representing a-helix conformation, and 660 cm™!
(amide V), attributed to random coil conformation [37].
Moreover, A. pernyi silk fibroin shows strong absorption
bands at 1630 (amide I), 1520 (amide II), 1220 (amide
III), 966 (amide IV), and 700 cm™' (amide V), attributed
to 3-sheet conformation [36]. Therefore, the conformational
changes of A. pernyi silk fibers can be examined for the effect
of spinning speed on silk structure. As crystallinity index is
calculated as the intensity ratio of the amide IV component at
966 cm™! to the amide V component at 660 cm™! from FTIR
spectra, high value of the crystallinity index suggests high
content of the f-sheet conformation and perfect crystalline
region of the fiber.

Table 1 shows the optical orientation and crystallinity
index of the A. pernyi silk fibers. With increasing the spinning
speed below 100 mm/s, both the optical orientation and
crystallinity index increase accordingly. This result implies
that the molecular chain orientation of silk fibroin and the
B-sheet crystallization can be promoted by enhancing the
artificial spinning speed. We think the fine structural changes
of the A. pernyi silk fibers were induced by stress, since
the silk fibroin chains were stretched more in the spinning
direction during forcible silking. As a result, more silk
fibroin molecules were transferred from the a-helix/random
coil to the f-sheet conformation in the case of higher
spinning speed. From the relations of crystallinity-stress and
orientation-stress presented in Figure 3, it can be known that
the breaking stress of A. pernyi silk increases linearly with the
crystallinity index. The breaking stress also increases with the
degree of orientation, although the increase is nonlinear. Du
et al. found the similar relation between orientation function
and stress of spider dragline silk [43]. Because silk strength
is widely attributed to crystalline f3-sheet structures, while
elasticity is generally thought to involve amorphous regions
[47], the above relations imply that more crystallites become

aligned and nearly parallel to the fiber axis. Hence, the highly
oriented crystallites are in good position to support the load.

However, it can be known from Figure 2 that the tensile
strength and initial modulus of the A. pernyi silk fibers
drops from 639 to 564 MPa, when the reeling speed rises
from 95 to 100 mm/s. We found that thread is difficult
to be reeled continuously at 100 mm/s or higher speed,
because insufficient spinning dope could be supplied by
the A. pernyi silkworm. When the spinning dope flows
from the posterior division to the anterior division and
spinning duct, silkworm dynamically adjusts the contents
and conditions of the spinning dope, such as pH, metal ions,
fibroin concentration, elongation and shearing conditions
[48]. The spinning dope with appropriate compositions is
then transformed to liquid crystalline and spun out from the
orifice of the duct. This indicates that silkworm needs time
to adjust the compositions during spinning. In the case of
100 mm/s, which is ten fold of the natural spinning speed,
the adjusting time is too short for the silkworm to supply
enough dope with appropriate compositions. Therefore,
some defects of molecular aggregation are formed during
the liquid crystalline spinning process. This results in the
decrease of the crystallinity index from 0.84 to 0.77 as shown
in Table 1. From this Table, it is also known that the optical
orientation increases from 46.4% to 54.0%. This is because
the fibroin chains are extended greatly in the direction
of fiber axis under high shearing and elongation force,
when the silk is stretched at high speed. Even though the
optical orientation represents total molecular orientation,
the decrease of the crystallinity index predominantly causes
less oriented f-sheet crystallites, which contribute to the
drop of the tensile strength at the reeling speed of 100 mm/s.

3.3. The Effects of Spinning Speed on the Surface Morphology
of A. pernyi Silk Fibers. Three SEM images of the surfaces
of A. pernyi silk fibers obtained at different spinning speeds
are given in Figure4. It can be seen that the surface
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FIGURE 4: SEM images of the surfaces of the A. pernyi silks obtained at different spinning speeds: (a) 25 mm/s, (b) 68 mm/s, and (c) 100 mm/s.

morphology is obviously affected by the spinning speed.
Some longitudinal cracking lines appear and the fiber surface
becomes rough when the spinning speed increases. This is
probably because the sericin shell or silk fibroin core of
the fiber partially ruptures during forcibly silking at higher
reeling speeds. Thus the morphological defects also possibly
cause the drop of the tensile strength when the reeling speed
rises from 95 to 100 mm/s. The rough surface may be further
related to sericin coating. As we mentioned previously,
insufficient spinning dope could be supplied by the A. pernyi
silkworm at 100 mm/s or higher speed. Therefore, the silk
fibroin core of the fiber cannot be fully coated with sericin
at the spinneret orifice of the silkworm. Comparing to silk
fibroin, sericin makes minor contribution to the mechanics
of silk fiber. However, it was reported that sericin could
induce the transition of silk fibroin from the random coil
or a-helix to the f-sheet structure, and further improve
the mechanical properties of silk fibroin fibers [49]. The
incomplete or ruptured sericin coating is one of the possible
reasons for the decrease of the crystallinity index when the
reeling speed rises from 95 to 100 mm/s.

4. Conclusions

Silk fibers are obtained from an A. pernyi silkworm by
forcibly silking at the speed from 10 to 100 mm/s and
their structural characteristics are evaluated. Like the spider
dragline silk, the A. pernyi silk fiber exhibits three regions
in its stress-strain curve, including an initial linear elastic
region, a yield region, and a hardening region. Our findings
indicate that the mechanical properties of the A. pernyi silk
fiber depend crucially on spinning conditions. The A. pernyi
silks can be made stronger, stiffer simply by adjusting the
reeling speed. The tensile strength and initial modulus of
the A. pernyi silk fiber increase with the reeling speed in
the range of 10 to 95mm/s. The A. pernyi silk reeled at
95 mm/s presents a breaking energy of 1.04 x10° J/kg, which
approaches that of the spider dragline silk. The crystallinity
and orientation are important structural factors to decide the
strength of A. pernyi silk. Enhancement of the silk strength
can be achieved by increasing the degrees of orientation and
crystallinity.

There are many similarities between the spider dragline
silk and the A. pernyi silk, such as protein sequence, tensile
properties, relation between structure and mechanical prop-
erties. This makes the A. pernyi silk fibroin more attractive
to be a model system for biospinning silk fiber than B. mori
silk fibroin. It might be even possible to artificially prepare
stronger fibers than spider dragline silk from regenerated A.
pernyi silk fibroin at appropriate spinning conditions.
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