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B-Sheet crystals play an important role in determining the stiffness, strength, and optical properties of silk and exhibit silk
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type-specific functions. It is important to elucidate the structural changes that occur during the stretching of silk fibres tu

understand the functions of different types of fibres. Here, we elucidate the initial crystallisation behaviour of sil

molecules during the stretching of three types of silk fibres, using synchrotron radiation X-ray analysis. When spider

dragline silk was stretched, it underwent crystallisation, and the alignment of the B-sheet crystals became disorde._ '

initially but recovered later. On the other hand, silkworm cocoon silk did not exhibit further crystallisation, while capt _

spiral silk was predominantly amorphous. Structural analyses showed that the crystallisation of the silks following

extension deformation has a critical effect on their mechanical and optical properties. These findings should aid -~

production of artificial silk fibres and facilitate the development of silk-inspired functional materials.

Introduction

Silk and silk-like proteins are produced by many organisms in
nature, including by spiders, silkworms, bees, ants, scorpions,
and mussels. The silks of these organisms exhibit different
mechanical and biological properties owing to the differences
in their hierarchical structures, which are originated from amino
acid sequences and spinning conditions."* A comparison of the
stress-strain curves of the various silks indicated that spider
dragline silk (Fig. 1a) is stronger and less pliable than spider
capture silk (Fig. 1b), which is elastic and rubber like.” These
diverse mechanical properties of silks are strongly related to
their respective functions in nature. For example, dragline silk
needs to be tough enough to be able to support a dangling
spider, while capture silk should able to stretch and absorb
energy so that it can be used to make strong and optically
characteristic spider webs.>* Silkworm cocoon silk (Fig. 1c),
which is the tough outer component of the cocoon, is capable of
protecting silkworms from external physical impact and
predators.>>

The hierarchical structures of silks vary with the silk type
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and determine their outstanding physical properties."® Amon;
the most critical components of the hierarchical structures of
silk are f-sheet crystals, since they play a significant role 1
determining silk stiffness, strength, and mechanical toughness.’
? Aligned B-sheet crystals provide stiffness and form cross-links
between the f-sheet domains embedded in a semi-amorphou
matrix that consists of less orderly structures, namely, random
coils, helices, and B-turns.* ° Analyses of the amino acic
sequences and structures of the cocoon silk of the Bombyx mor
silkworm and the dragline silk of the Nephila clavata spider
have shown that the -sheet structure is predominant in bot*
fibre types.®'™'" The strongest spider dragline silk is reporteu
be ~45-65% P-sheet domains,'> whereas capture silk contains
544 mol% glycine and 16.6 mol% proline, resulting i.

predominantly {-spiral structures that resemble molecular

springs.'> '
sequences; however, the beta-sheet structure was found *
contribute to the strength of capture silk fibres on the basis o~
spectromicroscopy Thus, the

crystallisation of silk molecules is a critical molecular transitioi

Capture silk does not contain poly(alanine,

Raman measurement.'?
that dictates the physical, biological, and functional propert’
of silk.

In addition to !

nuclear magnetic resonance,”
transmission electron microscopy,” and Raman and infrared
spectroscopies,* >

% has been used to characterise the structure of silk molecu

synchrotron radiation X-ray scattering''™

and, in particular, those of f-sheet structures under extrusior
conditions. The molecular structures of silkworm cocoon silk
and spider dragline silk during deformation were investigat 1
by several groups.*”*

monofilament of silkworm cocoon silk during stretching

Leféevre et al. investigated -

deofrmatin by Raman spectroscopy and suggested decreases in

J. Name., 2013, 00, 1-3 | 1
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protein-chain alignment including {-sheet crystals due to the
reorganization of the amorphous phase.” X-ray and neutron
scattering measurements of bundle of silk fibres provided that
amorphous phase of silk plays an important role to exhibit the
toughness during stretching deformation.’**” Using single
filaments of silk with Raman spectroscopy, Sirichaisit et al.
successfully detected the structural change in spider dragline

silk during approximately 25% stretching deformation.**

- S A M
Fig. 1 Silk fibres and stretching equipment. (a) Nephila clavata
dragline silk. (b) N. clavata web. The inset shows a schematic
illustration of the web. The white arrows indicate capture silk
fibres. (¢c) Bombyx mori silkworm cocoon silk. (d) The
stretching machine used for the wide-angle X-ray scattering
(WAXS) measurements of bundles of the silk fibres. The white
arrow indicates the sample holder. (e) Synchrotron WAXS
instrument with the stretching machine.

However, there are no reports on the relationship between
stretching deformation, the formation of p-sheets, and silk
function, especially during the initial stage of the stretching
deformation. It is clear that the toughness of spider dragline silk
is higher at high extension rates, a property that is unique
among spider draglines.*'** This increase in toughness could be
related to the initial crystallisation behaviour of dragline silk.
We hypothesise that the crystallisation behaviour of silk
molecules determines their mechanical properties as well as the
function of the silk fibres in nature. This would be analogous to
crystal formation in synthetic polymers such as the commodity
plastics use in industry. On the basis of the results of the
present study on the crystallisation behaviour of silk molecules
during the stretching of silk fibres, we suggest that there exist
different relationships between the crystallisation behaviour of
the three investigated silk types and their natural function. First,
crystallisation was induced owing to stretching deformation.
The alignment of the (-sheet crystals was initially disordered
but recovered later; this behaviour was observed only in spider
dragline silk. Second, the fact that capture silk does not

2| J. Name., 2012, 00, 1-3
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crystallise when subjected to stretching deformation is likely
related to the fact that optical property of these silk fibres is not
disturbed by any stretching deformation for capturing prey.
Finally, the complete crystallisation of silkworm silk is likelv
an adaptive mechanism that protects the silkworm fron.
external threats, such as bacterial infections,* physical attacks,’

5 and thermal and humidity changes.***®

Experimental section

Sample preparation

The spider dragline silk was collected from N. clavata females
The spiders were released, and the dragline was collected a
approximately 15 mm/s. According to previous reports,®*' thi-
drawing rate is within the range at which a linear increase in the
orientational order is noticed with increases in the reeling speec
indicating that the silk molecules are aligned along the fibre
axis. Thus, the structure of the fibres was similar to that o.
natural spider dragline silk. The capture spiral silk was a _
collected from a web made by N. clavata females (Fig. 1b)
Both types of spider silks were collected a day prior to wic
experiments and were kept in lightproof boxes with a wet
sponge to prevent UV damage to the samples and to preven
them from drying. The silkworm cocoon silk was obtained from
B. mori cocoons (Fig. 1c). The silk fibres were bundlec
manually using a bobbin (approximately 20 mm of diameter)
before use. Ten spider silk fibres and three silkworm cocoo..
silk fibres were bundled as a bundle sample.

Synchrotron WAXS and SAXS measurements

The synchrotron wide angle X-ray scattering (WAXS) and smal
angle X-ray scattering (SAXS) measurements were performed
at the BL45XU beamline of SPring-8, Harima, Japan using ai
X-ray energy of 12.4 keV (wavelength 0.1 nm); a beam with =
diameter of 45 ym was employed. A beam with this diamete.
was sufficient to characterise the silk fibre bundles. A sample-
stretching apparatus was placed on an X-Z positioning stage .

the experimental hutch (Figs. 1d and le) and controlled from
outside the experimental hutch. The silk fibres were attached tc
the stretching apparatus. The initial length of the silk fibres
between the fixtures was 3.0 mm. The fibres were extende
after being attached to the stretching apparatus. The extension
rate was 1 mm/min. All the WAXS patterns were recorded witl,
(FPD, C9728DK-10,
Photonics, Japan). The sample-to-detector distances during th

WAXS and SAXS measurements were 50.2 and 2036 mm,
respectively. The exposure time for each scattering pattern v. .

10 s. The radiation damage to the samples was evaluated *© .

a flat-panel detector Hamamats.

exposure times of up to 60 s; through a control experiment, it
was determined than no structural changes occurred in the
samples after exposure to radiation. The measurements w' rc
performed at 25°C and a relative humidity of approximately
40%. According to previous reports,*! a relative humidity o
40% has no effect on the mechanical properties of the silks, and
is suitable for assessing the structural changes induced dur’ ig
the stretching process. The obtained 2D scattering patterns we. .
converted into software Fit2D.*

1D profiles using the

This journal is © The Royal Society of Chemistry 20xx
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Corrections were made for background scattering and the
geometry of the detector. The azimuthal intensity profiles were
obtained in the g-region from 15 nm™ to 18 nm™. The
intensities and full width at half maximum (FWHM) values of
all the peaks were estimated through fitting using Gaussian
profiles (Fig. S17). For the Gaussian fitting, the number of band
was one for each, and the position of the band was around -40
degree as the initial setting. The adjustment of fitting was
performed by KaleidaGraph, according to a previous study.*

Results
Structural changes induced by extension

The changes in the crystal lattices of the dragline silk of N. clavata,
spider capture spiral silk, and the cocoon silk of the B. mori
silkworm during extension were characterised by synchrotron
WAXS, which was performed at 25°C and a relative humidity of
40%. Fibres with a length of 3.0 mm were stretched at 200-um
(dragline and cocoon silks) or 500-um increments (capture silk)
using laboratory-made stretching equipment until breakage (Figs. 1d
and e). The silks demonstrated unusual extensibility, which indicated
that the bundle samples were partially broken during the stretching.
The reason to use the bundle samples in this experiment was to
obtain scattering intensities enough for crystallinity and crystal
orientation of silk fibres. The radiation damage to the single spider
dragline silk fibres was investigated using exposure times of 2—60 s
(Fig. S27); no significant damage to the silk was detected, indicating
that the short-multistep measurements in this study did not have
significant damage. By the circular averaging of the two-
dimensional (2D) WAXS patterns (Fig. 2), one-dimensional (1D)
WAXS profile data for the fibres before and during stretching were
obtained (Fig. 3). Based on the difference between before and after
the stretching deformation (Fig. 2d), the crystallisation of dragline
silk was obvious, whereas the decrease in the intensity of silkworm

silk was due to a decrease in sample amount by stretching fibres (Fig.

2h). The decrease in the intensity was reasonable when the crystal
was not formed. This is because the amount of fibres on the X-ray
beam was also decreased by the stretching deformation. The WAXS
profile of dragline silk was similar to that of -poly(L-alanine), that
is, both exhibit (020), (210), and (040) reflections (Fig. 3a).*> When
the dragline silk fibre was stretched, there was no change in its
crystalline structure. Further, bundles of dragline fibres broke after a
stretching deformation of 133%. The samples were not single fibres
but bundle of fibres, leading to such a high extensibility. The d-
spacings of the (210) and (020) planes were 0.40 nm and 0.51 nm
before and during deformation, respectively, suggesting that the (-
sheet crystal composition of the dragline silk fibres did not change.
The WAXS pattern of the silkworm silk showed (020), (210), (030),
and (040) reflections; these are indicative of a silk II structure
composed of antiparallel B-sheets.””* The d-spacing of the (020)
plane was 0.39 nm and remained constant. Further, the (020)
reflection became broader during the stretching process (Fig. 2e-h
and Fig. 3b). This indicates that a fraction of the (3-sheet crystals in
the silkworm silk deform into a more tightly packed crystalline state
with lower d-spacings.

This journal is © The Royal Society of Chemistry 20xx
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An amorphous halo was present before and during the
stretching of the capture silk, and no crystalline components were
noticed, indicating that capture silk is a completely amorphous
biopolymer under the experimental conditions employed (Fig. 4}
The sharp peaks detected in the profiles of the capture silk may be
due to crystalline aggregation and the presence of impuritie.
attached to the web.

Crystallinity

From the 1D intensity profiles shown in Fig. 3, we calculated
the crystallinities of the spider dragline and silkworm cocoor
silks before and during deformation (Fig. 5). Each intensity
profile was separated into crystalline and amorphous scattering
components by curve fitting methods using Gaussian functions.
The ratio of the total area of the separated crystalline scattering
components to that of the crystalline and amorphous scattering
components was used to determine the crystallinity. Accordin;
to a previous report, the short-range-ordered components, such
as B-sheet protocrystals,”® B-spirals,™
a-helical chains,”®

coiled structures,” anu
can be detected as a broad peak in
crystalline component in the WAXS profile.” However, in the
present study, the change in the broad peak corresponding
the short-range-ordered structure during the stretching
deformation was too small to be characterised. Although it has
previously been reported that the separation of the peaks of the
WAXS profiles of silk fibres is challenging,’® there have be
several reports on the crystal contents of silk fibres. The
crystallinity of dragline silk was predicted to be 45% b;
modelling spider silk’s properties
amorphous matrix,” whereas the crystallinities determined by
transmission electron microscopy and solid-state H NMR werr
approximately 50 and 35 %, respectively.” *® In the case o1
FTIR characterization, the beta- sheet contents of B. mori

mechanical with ar

7

Antheraea pernyi silkworm silk, and Nephila edulis spider silk
(major ampullate filaments) were determined to be 28 + 4, 22
2, and 17 + 4%, respectively.”' The beta-sheet content of A.
pernyi silkworm silk during its deformation was constant and
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Fig. 2 2D WAXS patterns of spider dragline silk (a-d) and silkwo1 »
cocoon silk (e-h). (a and e) The patterns of the fibres before
stretching deformation. (b, c, f, and g) The patterns during the
extension of the fibres. (d) The pattern subtracted (a) from (c). (h)
The pattern subtracted (g) from (e).
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Fig. 3 One-dimensional WAXS profiles derived from the 2D WAXS
patterns of (a) spider dragline silk and (b) silkworm cocoon silk
before and during stretching deformation. The profiles on the bottom
profiles are the profiles before the stretching deformation. Moving
from the bottom to the top, the profiles represent the samples as they
were stretched until breakage. The profiles were fitted using the
Gaussian function as a broad peak owing to the presence of a halo
and the Bragg reflections (a) (020)/(210)/(040) in the case of
dragline silk and (b) (020)/(210)/(030)/(040) in the case of silkworm
silk.
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Fig. 4 One-dimensional WAXS profiles derived from the 2D WAXS
patterns of spider capture silk before and during stretching
deformation. The profiles on the bottom profiles are the profiles
before the stretching deformation. Moving from the bottom to the
top, the profiles represent the samples as they were stretched until
breakage.
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around 38 %.* When beta-sheet crystals of B. mori silkworn
cocoon silk were prepared by methanol treatment of the silk

solution, the crystallinity was determined to be 53 = 8%.%

Here,
we monitored the change in the crystallinity during

stretching process. Although this means the obtained values are
relative rather than absolute ones, they are sufficient to gain ar
insight into the relative changes in the crystallinity. The
crystallinity of a bundle of dragline silk fibres increased fron.
approximately 32% to 40% upon stretching, after which thr
fibres broke at an elongation ratio of 1.6 (i.e., after an extension
of 60%). On the other hand, the crystallinity of a bundle of th

silkworm silk fibres decreased with the elongation ratio; this
indicates that (3-sheet formation was not induced to a significa~

degree by the stretching. The decrease in the crystallinity of the
silkworm silk could be due to the decrease in the volume of the
bundle of the silk fibres because of the stretching deformation.

Crystal orientation with respect to the fibre axis

To evaluate the orientation of the f3-sheet crystals with respe-
to the fibre axis, the (210) reflections of the dragline a.

silkworm silks were characterised in terms of the full width a
half maximum (FWHM) on the equatorial line as an orientatior.
parameter (Fig. S1{). The FWHM values and peak intensit

of the azimuthal intensity profiles of the (210) reflections of th=
spider dragline and silkworm cocoon silks are plotted as
functions of the stretching deformation ratio in Fig. 6. The
FWHM of the spider dragline silk increased after the inifia.
stretching step, indicating that the initial stretching deformatiu,
misaligned the (-sheet crystals with respect to the fibre axi
(Fig. 6a). After the initial stretching, the FWHM of the spide1
dragline silk decreased gradually, indicating that the (-sh< _t
structure was reoriented during the stretching process. *
decrease in the FWHM of the (210) peak of the silkworm silk

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 9



Page 5 0of 9

with an increase in the stretching deformation ratio indicated
that the P-sheet crystals were more highly oriented along the
fibre axis following the stretching deformation (Fig. 6b).
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Fig. 6 Orientation of spider dragline (a) and silkworm silks (b)
before and during stretching deformation. (a) FWHM values (open
circles) and intensities (closed circles) determined from the spider
dragline silk (210) reflection as a function of the stretching
deformation ratio. The FWHM value represents the degree of
orientation of -sheet crystals along the fibre axis. (b) FWHM values
(open circles) and intensities (closed circles) determined from the
silkworm silk (210) reflection as a function of the stretching
deformation ratio. The error bars represent the standard deviations
for the samples (n = 3).

Microscale morphology

To study the larger-scale morphologies of the silks, synchrotron
SAXS measurements were performed on the silks (Fig. 7). The
SAXS pattern for an unstretched spider dragline silk fibre (Fig.
7a) exhibits streak scatterings along the equator and the fibre
axis. The small streak along the fibre axis disappeared after the
stretching of the fibre (Fig. 7b). The pre- and post-stretching
SAXS patterns of the silkworm silk fibre exhibited two types of
streak scatterings along the equator and the fibre axis (Figs. 7c
and d). Further, the streak scattering of the silkworm silk was
broader than that of the spider dragline silk.

The streak scattering along the equator axis remained sharp,
indicating that the fibres were oriented as a bundle along one
direction, even though 10 spider dragline silks and 3 silkworm
silks were used as a bundle sample. Additionally, the sharpness
of the streaks maintained before and after the stretching. These
results related to SAXS indicate that fibre orientation of the
samples sufficient to be discussed including the
orientations of the crystals along the fibre axis.

were

This journal is © The Royal Society of Chemistry 20xx
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a. Spider dragline before stretching

b. Stretched spider dragline (33%)

«——> Fiber axis

c. Silkworm silk before stretching d. Stretched silkworm silk (33%)

Fig. 7 SAXS patterns of spider dragline silk (a,b) and silkworm
silk fibres (c,d) before (a,c) and during stretching deformatio
(33%, b and d).

Discussion

Dragline silk, capture silk, and silkworm silk undergo differcu
structural changes in response to stretching deformation. The
samples were not single fibres but bundle of fibres, leading to -
higher extensibility in comparison to the single fibre.> The
bundled fibres after their partial digestion were fully stretche.
however, the following crystallization was not easy to b
discussed. This is because the stretching deformation rate wa.
not precisely quantified. Therefore, we focused the initia’
deformation part and discussed the change of crystallinity o1
silk fibres of beta-sheet crystals. Th
deformation the dragline silk;
however, its crystal structure did not change significantly (Fig
2a). On the other hand, the crystallinity of the dragline silk
increased slightly, and the orientation of the [-sheet cryst .

and alignments
induced crystallisation in

became dramatically disordered after the initial stretching
deformation (Figs. 5 and 6a). The crystallisation of dragline silk
might include the short-range-ordered components. Thi~
indicates that the initial deformation of the dragline silk did no*
align the B-sheet crystals along the fibre axis, but induced the
formation of additional @-sheets instead (Fig. 8a). It has be
reported that tensile deformation increases the orientation of t-
crystals along the fibre axis in N. clavata spider silk when the
silk fibres are extended by 10%.*° In this study, stretching
resulting in deformation greater than 60% (deformation ratio ~
1.6) induced the formation of ~10% additional crystalline
components, leading to the realignment of the spider dragliuc
silk fibres (Fig. 5). Taking into the account the natural function

J. Name., 2013, 00, 1-3 | 5
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Fig. 8 Schematic illustration of (a) spider dragline silk, (b)
spider capture silk, and (c) silkworm cocoon silk before and
during stretching deformation.

of spider dragline silk, we infer that the (-sheet formation
induced by the initial stretching deformation is related to the
stretching-rate sensitivity of the silk dragline fibres.*' The size
and amount of crystalline silk were reported to decrease and
61-62 indicating that

non-crystalline silk which can be crystallised is present in silk

increase with an increase in drawing rate,

fibres. The rupture energy of dragline silk increases when the
silk fibres are tested at higher strain rates.*'*** This suggests that
a faster extension deformation would induce the formation of a
greater number of -sheets and cause the subsequent alignment
of the f-sheet crystals in the dragline, resulting in higher
mechanical strength. Thus,
disorder and alignment could be related to the effects of the

the initially detected structural

extension rate on the mechanical properties, because the initial
alignment of the f-sheet crystals depends on the initial
stretching rate when the silk fibres contain a sufficient number
of amorphous and short-range-ordered structures. Furthermore,
spider dragline silk crystallises during stretching; this probably
prevents it from undergoing excessive elongation and may act
as a ‘braking' mechanism when the silk is used in nature.

Riekel et al. did not mention any initial disordering effects
after forced silking experiments.*® However, the stretching of
the spider dragline silk fibre is not exactly similar to the forced

6 | J. Name., 2012, 00, 1-3

silking of spider silk. This is because forced silking is
performed during the spinning process or just after the spinning.
Therefore, it differs from the stretching of the dragline silk
fibres, and, in particular, the stretching of the fibre surfaces
after their crystallisation in air. Further, initial disordering
effects were not observed in a molecular modelling stud,
either.’” This is because the alignment of the B-sheet crystals
was simplified and considered parallel along the fibre axis. As =
result, no initial disordering effects were observed using thc
molecular models.

In addition to the alignment of the $-sheet crystals, a role of
amorphous region is also significant to explain the structura
change during stretching deformation. Lefévre et al. reported
that the alignment of the silk molecules decreases with
stretching deformation, which might be due to the
reorganization of the amorphous phase.”> Seydel et al. alsc
recognized the importance of the amorphous phase of silk
fibres during stretching deformation, namely, most of th
deformation upon extension of the fibres is due to the
amorphous regions of the silk, based on X-ray diffraction anu
neutron spectroscopy measurements.’**’ Based on our curr| -
results and previous reports on transition of molecular structure
of silkworm and spider dragline silks, ***° the change
crystallinity indicates that molecular deformation and structura
transition of silk molecules during stretching deformation
Considering the previous reports mentioned above, the initia.
disorder we found here can be explained as follows: '
disordered by the
deformation, resulting in the disorder of the (-sheet crysta:
alignment. Until now, the previous literatures indicated the

amorphous region of silk is initia’

initial disorder of amorphous region, however, this repor.
directly shows the initial disorder of silk’s 3-sheet crystals.
Viscid silk and glues are noncrystalline and can only be
crystallised partially at low temperatures, according to th
unpublished data from a study by Craig and Riekel.** Here, we
present the first structural analysis of spider capture silk duri»
stretching deformation. We found that its
predominantly amorphous and is not converted to a crystalline
state even when the silk is stretched by 500% (Fig. 8b). The
amino acid sequence and composition of the capture silk of N
clavata differs from those of N. clavata dragline silk and b

structure 15

mori silk. The amino acid sequences for the $3-sheet formatic»
found in N. clavata dragline silk and B. mori silk are AAAAA/
and GAGAGS, respectively; however, these are not found in N
clavata capture silk, which mostly contains glycine- anc
proline-rich B-spiral structures.'>'* The capture spiral silk de~n
not exhibit any crystalline components and nor does it undergo
crystallisation before and during the stretching deformati
This allows it to retain its elastic and optical properties during
deformation. Spider webs made of capture silk are known
display multiple colours during the reflection, refraction, &
transmission of sunlight.***> The results of the structural
analysis of capture silk demonstrate that this silk is perfectly
amorphous during stretching. It is for this reason tb-t
crystallisation does not have an effect on the optical propert =¢
of spider webs of this silk. These attributes of capture silk,

This journal is © The Royal Society of Chemistry 20xx
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which is one of the main components of spider webs, ensure
that it is better suited that other types of silks for catching prey.

Crystallisation was not induced in silkworm silk after
stretching deformation; however, the orientation of the crystals
and their alignment along the fibre axis became more ordered
(Figs. 5 and 6b). This is similar to the effects of stretching on
(Fig. 8c). This
indicates that the @-sheet crystals of silkworm silk are already

conventional crystalline polymers result
present in the silkworm cocoons. The f-sheet crystals of
silkworm silk must be formed by mainly the silkworm’s
spinning but also dehydration of spun silk fibres in air. The silk
of silkworm cocoons must contain a sufficient number of
crystalline regions in order to be able to protect the chrysalis
from external physical impact and predators. It has thus not
evolved to respond to stretching deformation. This conclusion
is supported by the mechanical properties exhibited by the two
types of silk fibres investigated, namely, the fact that B. mori
silkworm silk breaks after elongation by ~15% and is less
elastic,®® in contrast to N. edulis spider dragline silk, whose
average breaking elongation is approximately 40%.%” Moreover,
spinning speed was reported to exert a significant effect on the
mechanical properties of silkworm silk.”> Thus, we reconfirm
that the silkworm cocoon silk has a high crystallinity and low
elasticity; these properties are consistent with its role as a tough
outer component of the chrysalis.

The effects of stretching deformation on the larger-scale
morphologies of the different silks (Fig. 7) were different, as
evidenced by their SAXS patterns. In the case of the spider
dragline silk, the streak scattering along the equator could be
considered to be due to voids in the fibres or at the interfaces of
the fibres, in keeping with a previous report.®® In addition, the
small streak scattering might be due to voids or disordered
structures along the fibre axis. These structural disorders in the
spider dragline silk disappeared during stretching. On the other
hand, the streak scattering of the silkworm silk, which was
broader in comparison to that of the spider dragline silk,
implied that a greater number of voids and holes exist in the
silkworm silk fibres than do in the spider dragline silk fibres
and that these structural disorders do not disappear after the
stretching deformation. According to a previous report on the
fracture surfaces of silkworm and spider dragline silks, some
the
observed.” Although we don’t have a direct evidence to show

disordered structures among silk microfibrils were
that the streak scattering is originated from the disordered
structures, it is one of the reasonable explanations. These
structural disorders in the silkworm silk could prevent
crystallisation and disturb the alignment of the silk molecules

during the stretching deformation.

Conclusions

We have confirmed that the different crystallisation behaviours
of different types of silk fibres following extension deformation
are closely related to their functions in nature. Spider dragline
silk undergoes significant structural changes during stretching
initial

deformation, particularly during the phase, which

resulted in it exhibiting the highest strength among the silk

This journal is © The Royal Society of Chemistry 20xx
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fibres tested. The effects of the reeling and stretching speeds on
the structure and mechanical properties of spider dragline silk
remain to be elucidated;* however, they could be related to the
initial disorder and alignment of the dragline silk fibres. The
mechanism underlying the marked increase noticed in the
toughness of spider dragline silk at high extension rates will bt
investigated in a future study. On the other hand, spider capture
silk was confirmed to be perfectly amorphous before and
during the deformation; this is consistent with the requiremen.
that spider webs must maintain their optical properties anc
elasticity when under physical attack as well as following
environmental deformation by the elements. Our finding
provide critical insight into how the structure and function of
silk fibres can be modulated; this should facilitate the design
and construction of bioinspired materials that are tough but
retain their elastic and optical properties.
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