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Silks are semi-crystalline solids in which protein chains are associated by intermolecular hydrogen
bonding within ordered crystallites, and by entanglement within unordered regions. By varying the type
of protein secondary structure within crystallites and the overall degree of molecular order within ﬁbers,
arthropods produce ﬁbers with a variety of physical properties suited to many purposes. We characterized silk produced as a tactile stimulus during mating by the grey silverﬁsh (Ctenolepisma longicaudata) using Fourier transform infrared spectroscopy, polarized Raman spectroscopy, gel
electrophoresis and amino acid analysis. Fibers were proteinaceousdthe main component being a
220 kDa proteindand were rich in Gln/Glu, Leu, and Lys. The protein structure present was predominantly random coil, with a lesser amount of beta-structure. Silk ﬁbers could readily be solubilized in
aqueous solutions of a mild chaotrope, sodium dodecyl sulfate, indicating protein chains were not crosslinked by disulﬁde or other covalent bonds. We conclude that entanglement is the major mechanism by
which these silk proteins cohere into a solid material. We propose silks used as short-term tactile cues
are subject to less stringent requirements for molecular order relative to other silks, allowing the random
coil structure to be favored as an adaptation promoting maximal entanglement and adhesion.
Crown Copyright Ó 2013 Published by Elsevier Ltd. All rights reserved.

Keywords:
Raman spectroscopy
FTIR
Random coil
Ctenolepisma
Apterygote

1. Introduction
The best-understood silks are those of silkworms and spiders,
which are semi-crystalline solids containing ordered crystallites of
beta-sheets embedded in regions of unordered protein chains (Fu
et al., 2009; Porter and Vollrath, 2009). In these model silks, protein chains cohere to form a solid material due to extensive intermolecular hydrogen bonding within the beta-sheet crystallites and
entanglement within unordered portions of the protein chains.
Since crystallites and unordered regions have distinct deformational properties, they lend different mechanical properties to the
material: ordered crystallites confer tensile strength (Krasnov et al.,
2008) and resistance to proteolysis (Arai et al., 2004), while unordered protein regions confer ﬂexibility (Krasnov et al., 2008) and
allow entanglement (Fu et al., 2009).
Many arthropod groups besides silkworms and spiders have
independently evolved the ability to produce silk (Sutherland et al.,
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2010). Arthropod silks are structurally diverse at the molecular
level, containing crystallites of a) beta-sheets with the protein
backbone parallel to the ﬁber axis (IIß; akin to silkworm or spider
silks), b) beta-sheets with the backbone perpendicular to the ﬁber
axis (Xb; Weisman et al., 2009), c) alpha-helices as coiled coils
(Sutherland et al., 2011), d) collagen triple helices (Rudall, 1962), or
e) polyglycine II-like structures (Rudall, 1962). The ordered protein
structures in silk are understood to contribute extensively to silk
functiondfor example, Xb crystallites confer extensibility to ﬁbers
due to their capacity for deformation-induced transitions into the
IIß structure (Hepburn et al., 1979; Rudall, 1962). In contrast, the
physiological, molecular and evolutionary constraints that determine the proportion of disordered protein in silk ﬁbers is not well
understood.
A necessary development for the evolution of terrestrial insects
from aquatic crustaceans (Shultz and Regier, 2000) was a method of
transferring sperm on dry land. Unlike pterygote insects, which
developed copulation, most silverﬁsh (order Thysanura) and bristletails (order Archaeognatha) transfer sperm with the assistance of
silk produced from dermal glands on the phallus (or associated
structures) of males (Bitsch, 1990; Sturm and Machida, 2001).
Deposition of sperm droplets or spermatophores on silk ﬁbers or
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stalks is practiced by bristletails (Sturm and Machida, 2001), the
‘relic’ silverﬁsh Tricholepidion gertschi (Sturm, 1997), and some of
the more familiar domestic silverﬁsh (family Lepismatidae; Sturm,
1987). Lepismatids such as the European silverﬁsh (Lepisma saccharina) are exceptions, as they deposit enclosed spermatophores
directly onto surfaces in their environment. Perhaps surprisingly,
L. saccharina has retained silk production as part of a highly choreographed courtship behavior (Sturm, 1956). Approaching the end
of the courtship ritual, which consists of antenna-tapping and
repeated responsive movements between male and female (Sturm,
1956,1987), male L. saccharina cover an area of the substrate with Yshaped networks of ﬁbers and deposit a spermatophore nearby.
Detection of the Y-shaped tactile cues by the female induces a
sequence of behaviors that culminates in her uptake of the spermatophore (Sturm, 1956).
The primary use of silk as a tactile cue is unusual among insects.
Whilst the caterpillar Yponomeuta cagnagellus does use silk as a
tactile cue associated with trail-following behavior, the primary use
of the silk is as a cocoon material (Roessingh, 1989). To our
knowledge, nothing is known about the composition or molecular
biology of silverﬁsh silk, or how its molecular structure relates to its
unusual function. In this study we present results obtained from
silk ﬁbers of the lepismatid silverﬁsh Ctenolepisma longicaudata
(Fig. 1), a species native to South Africa which is now common in
human habitations in south-eastern Australia (Watson and Li,
1967). Using Fourier transform infrared spectroscopy, Raman
spectroscopy, gel electrophoresis and amino acid analysis, we
investigated the silk’s molecular structure and composition. We
show silverﬁsh silk to consist of large, disordered proteins, and
discuss the results in relation to silk fabrication and molecular
structure.
2. Results
2.1. Silverﬁsh produce very ﬁne non-birefringent silken threads
Silverﬁsh (Ctenolepisma longicaudata) were collected from human habitations in Canberra, Australia, and housed with plastic
card ‘leaf-litter’ over a six-month period. Inspection of plastic cards
in the enclosure revealed spermatophores deposited directly on the
substrate, together with deposits of silk and shed scales. Electron
microscopy revealed silk ﬁlaments to be very ﬁne, between 0.3 and
1 mm in diameter (Fig. 2). Deposits of silk consisted of bundles and
cross-hatched ‘grids’. These features are similar to those previously
reported for the closely related silverﬁsh Lepisma saccharina

Fig. 1. The grey silverﬁsh, Ctenolepisma longicaudata. This adult male is resting on
textured plastic card.
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(Sturm, 1956) suggesting C. longicaudata silk is used as a tactile cue
during courtship in a similar way to L. saccharina silk.
Silk ﬁbers could be manually drawn from the phallic glands of
immobilized males by brushing the silk glands with a toothpick or
pipette tip, and wound using a motorized spindle (Fig. 2D). Freshly
produced silk ﬁbers were ﬂexible and sticky, becoming brittle after
drying. Birefringenceda property of anisotropic materials evident
when materials are placed between crossed polarizing ﬁltersdwas
low or absent in naturally produced and manually harvested silk,
suggesting molecular orientation to be poor or absent.
2.2. Silverﬁsh silk has low chemical stability and is made from high
molecular weight proteins
To investigate their chemical stability, manually drawn silverﬁsh
silk ﬁbers were immersed in chaotrope solutions at room temperature including saturated (9 M) lithium bromide, 6 M guanidinium
hydrochloride, or 3% sodium dodecyl sulfate (SDS). Silk ﬁbers dissolved readily in each chaotrope solution, with ﬁbers immersed in
3% SDS at 25  C dissolving completely within half an hour. The
dissolution of ﬁbers at room temperature and without the addition
of reducing agents indicated a) a low chemical stability in comparison to other silks, and b) silk proteins were not covalently
cross-linked into a continuous network.
Silk ﬁbers from individual males were solubilized in 3% SDS and
analyzed by polyacrylamide gel electrophoresis (PAGE). In samples
from all individuals, the main protein component resolved as a
sharp band with molecular weight in excess of 220 kDa (Fig. 3).
More weakly staining bands with molecular weights between 60
and 70 kDa were also observed. The migration pattern of the
dominant protein bands on SDS-polyacrylamide gels was consistent between individuals. Minor differences in the migration
pattern of the low molecular weight proteins were observed,
possibly due to allelic differences between individuals.
2.3. Silverﬁsh silk consists of randomly coiled proteins
To examine the molecular structure and amino acid composition
of silverﬁsh silk, we obtained Fourier transform infrared (FTIR) and
micro-Raman spectra from silk samples manually drawn from the
glands of males.
The infrared spectrum (Fig. 4) shows maxima in the amide I
region at 1651 cm1, in the amide II region at 1540 cm1, and in the
amide III region at 1242 cm1. The results of second derivative
spectroscopy and deconvolution analysis of the amide I and III regions, used to estimate the proportion of each secondary structure
in the silk, is summarized in Table 1. Second derivative plots suggested the presence of eight bands in the amide I region (Fig. S1)
and three bands in the amide III region (Fig. S2). Spectral deconvolutions (Figs. S3 and S4) suggest the silk to be rich in random coils
(35e52%) and beta-sheets (43e58%) with a low content of alphahelices (6e7%).
The silk was further examined by micro-Raman spectroscopy,
which yields information about protein orientation and the content
of speciﬁc amino acids in addition to conformational data. The
Raman spectrum of manually drawn silk, obtained with the laser
polarization parallel to the ﬁber axis, is shown in Fig. 5. The position
of the amide I maximum at 1664 cm1 was consistent with random
coil or beta-sheet protein conformations or a mixture both conformations (Fabian and Anzenbacher, 1993; Frushour and Koenig,
1975; Rousseau et al., 2004); the amide III maximum at
1243 cm1 favors random coil structure (Fabian and Anzenbacher,
1993; Frushour and Koenig, 1975; Rousseau et al., 2004). Disorder
in protein chains was further indicated by the tyrosine (Tyr) peak.
The 850 cm1 component of the Fermi doublet dominates the
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Fig. 2. Silverﬁsh silk. A, silk deposit on plastic card from housing chamber, with shed scales; scale bar is 200 mm. B, scanning electron micrograph showing silverﬁsh scales and silk;
scale bar is 20 mm. C, scanning electron micrograph showing sub-micrometer threads cross-hatched to form a grid; scale bar is 5 mm. D, bundle of manually collected silk ﬁbers;
scale bar is 200 mm.

830 cm1 component, suggesting hydroxyl groups of Tyr residues
are rarely hydrogen bonded to other amino acids (Siamwiza et al.,
1975).
Results of the second derivative and deconvolution analysis
performed on Raman amide I and amide III regions are shown in
Table 2. The second derivative plot of the Raman spectrum amide I
region (Fig. S5) suggested the presence of 5 conformational
component bands, though several were at the noise level of the
second derivative spectrum. In the spectral deconvolution of the
amide I region based on the identiﬁed band components (Fig. S6),
the 1640 cm1 band assigned to random coil comprises 28% of the
band envelope. This is consistent with the assignments presented
by Lefèvre and et al. (2012) with the argument that the low symmetry of the silk protein has caused this normally Raman inactive
mode to be observed. It is likely an additional random coil
component is present in the 1659 to 1669 cm1 region of the

Fig. 3. SDS-PAGE of silverﬁsh silk proteins. The two lanes correspond to silk preparations from two different males. Molecular weight markers (kDa) are shown on the
left.

second derivative plot (Fig. S5) but is being masked by the intense,
broad feature at 1657 cm1 assigned to the alpha-helical conformation. This could cause both the beta-sheet and alpha-helical
content to be over-predicted in the deconvolution analysis of the
amide I region. The lack of reliable ﬁne structure on the amide I
band contour makes it difﬁcult to obtain reliable structural information from its analysis.
To better resolve the structure of the major components, protein
conformation was investigated through analysis of the simpler
amide III proﬁle (Table 2). Three conformational components are
evident in the plot of the second derivative (Fig. S7). The

Fig. 4. FTIR spectrum of silverﬁsh silk showing amide functional maxima at 1652,
1540, and 1241 cm-1.
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Table 1
Amide I and III infrared band components as identiﬁed by 2nd derivative spectroscopy and spectral deconvolution.
Deconvolution (cm1) Component Assignments
2nd derivative
area (%)
(Byler and Susi,
minimum (cm1)
1986;Singh et al., 1993.)
Amide I
1692
1682
1674
1667
1659
1651
1640
1629
Amide III
1288
1261
1238

1693
1683
1667
1666
1655
1651
1641
1625

3
11
0
30
6
10
14
26

Beta-sheet
Random coil
Random coil
Random coil
Alpha-helix
Random coil
Beta-sheet
Beta-sheet

1285
1263
1238

7
35
58

Alpha-helix
Random coil
Beta-sheet

deconvolution based on these features (Fig. 6 A) suggests a dominant random coil structure, with 9% alpha-helical content. The
beta-sheet feature identiﬁed at 1227 cm1 in the second derivative
plot iterates to a value less than 1% (not shown).
For comparison, deconvolutions were also conducted on the
amide III regions of silkworm cocoon silk and wooldmaterials
known to consist predominantly of proteins with beta-sheet and
alpha-helical conformations, respectivelydusing starting component peaks identiﬁed by second derivative spectra (Fig. 6B and C).
The amide III region of the silkworm silk spectrum (Fig. 6B) could
be resolved into a major component at 1232 cm1 (beta-sheet) and
minor components at 1243 cm1 (random coil) and 1266 cm1
(alpha-helix). The amide III region of the spectrum obtained from
wool (Fig. 6C) consisted of a major component at 1271 cm1 (alphahelix) and minor components at 1245 and 1228 cm1 assigned
respectively to random coil and beta-sheet (Carter et al., 1994).
These results are consistent with the known protein structures of
these materials, and support the assignments of the amide III
components observed in the silverﬁsh silk spectrum indicating the
predominant structure to be random coil.
To examine the orientation of proteins in the silk, polarized
Raman spectra in the amide I region were obtained from single
silverﬁsh silk ﬁbers naturally spun and collected from the housing
chamber. Typical parallel and perpendicular spectra are shown as
Fig. 7. Over the three spots analyzed, the perpendicular polarized
band (maximum at 1669 cm1) was consistently found to be much
sharper and 15e25% more intense than the parallel polarized band
(maximum at 1664 cm1). Due to the modest signal to noise ratios

Fig. 5. Raman spectrum of silverﬁsh silk.
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Table 2
Amide I and III Raman band components as identiﬁed by 2nd derivative spectroscopy and spectral deconvolution.
2nd derivative
minimum (cm1)
Amide Ia
1690
1678
1672
1657
1641
Amide III
1269
1244
1227

Deconvolution (cm1)

Component
area (%)

Assignments
(Lefèvre et al., 2012)

1693
1677
1671
1655
1640

6
25
26
14
28

Beta-turn
Beta-turn
Beta-sheeta
Alpha-helixa
Random coil

1270
1243
1222

9
91
<1

Alpha-helix
Random coil
Beta-sheet

a
It is likely that random coil is signiﬁcantly higher in the material than indicated
in the amide I region due to the masking of this component by the intense, broad
feature at 1657 cm1 (see Fig. S5). Masking of the component would lead to over
prediction of the beta-sheet and alpha-helical content (as described in the text).

in these spectra, second derivative spectroscopy was not possible
and thus spectral deconvolution was not carried out. However, it is
clear there is a signiﬁcant protein component in which carbonyl
groups are orientated perpendicular to the ﬁber axis. The
1669 cm1 peak frequency and low level of alpha-helix present
indicates the orientated protein components are beta-sheets with
the peptide backbone parallel to the ﬁber axisdi.e. the extendedbeta-sheet (IIß) structure.
In summary, the results of the infrared and Raman spectroscopy
obtained from silverﬁsh silk indicate a dominant random coil
structure with moderate to comparable levels of IIß structure, and a
low level of alpha-helices.
2.4. Amino acid composition of silverﬁsh silk
The amino acid analysis of acid hydrolyzed, manually drawn silk
(Table 3) revealed high proportions of Gln/Glu (14.5%), Leu (11.2%),
Lys (10.9%) and Asn/Asp (10.0%). Signiﬁcant proportions of the aromatic amino acids Phe (4.7%) and Tyr (3.9%) were also detected,
and Met was nearly absent (0.7%). Overall, polar and charged residues made up the majority of residues recovered (57.4%) and aromatic residues were also well-represented (11.7%). The small amino
acids Ala, Gly and Ser, which account for 50e80% of residues in silk
made by silkworms and many other species (Lucas and Rudall,
1968), accounted for only 16.3% of the residues recovered.
The amino acid composition of silverﬁsh silk was also investigated using Raman spectroscopy. Raman spectroscopy is able to
detect amino acids such as Trp and Cys, which are destroyed by acid
hydrolysis. In agreement with the direct amino acid analysis,
Raman analysis (Fig. 5) found the silk to contain signiﬁcant levels of
aromatic amino acids: a moderately intense band observed at
1615 cm1 is associated with the ring modes of the aromatic amino
acids Phe, Tyr and Trp while the well resolved but weak shoulder at
1605 cm1 was assigned to Phe and Tyr (Maiti et al., 2004). The very
weak shoulder at 1585 cm1 was assigned to Phe and Trp (Frushour
and Koenig, 1975), and the feature at 1553 cm1 to Trp (Frushour
and Koenig, 1975). Tryptophan is destroyed during acid hydrolysis
and was thus not detected by the direct amino acid analysis
method. The relative weakness of the 1553 cm1 feature coupled
with the lack of a high wavenumber shoulder on the 1002 cm1
band suggests that the concentration of Trp in the silk is low
(Church et al., 1997). Phe and Tyr appear to be present in greater
abundance: the strong sharp peak at 1002 cm1 and the features at
1034 cm1 (moderate) and 624 cm1 (weak) are associated with
Phe, while the 850, 830 and 644 cm1 peaks are attributed to Tyr
(Church et al., 1997; Frushour and Koenig, 1975). As described
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Fig. 7. Amide I region of Raman spectra obtained from silverﬁsh silk with laser polarization perpendicular (black) or parallel (grey).

suggesting disulﬁde cross-linking of Cys residues occurs at low
levels or is absent in silverﬁsh silk, consistent with the observation
that reducing agents were not required to solubilize the silk ﬁbers.
3. Discussion
In this study we characterized silk produced by male grey silverﬁsh (Ctenolepisma longicaudata). Silverﬁsh silk has an unusual
function in that it is used as a tactile cue during courtship (Sturm,
1956). The role of other silks used as tactile cues, such as some
lepidopteran silks (Roessingh, 1989), is secondary to the main role
of the silk as a cocoon material. To our knowledge, the production
of silk primarily for use as a tactile cue is limited among the insects
to silverﬁsh such as C. longicaudata and L. saccharina.
Silverﬁsh produce silk in epidermal glands (Bitsch, 1990) which
are similar to the silk glands of web-spinners (Alberti and Storch,
1976; Nagashima et al., 1991) and sphecid wasps (Serrao, 2005).
Silk proteins in solution are drawn through a ductule, emerging
externally as solid ﬁbers. In macroscopic appearance, silverﬁsh
ﬁbers are typical of many insect silksdfor example, we were able
to draw continuous thin cylindrical ﬁbers, up to 20 cm long and
Fig. 6. Deconvolution of the amide III region of Raman spectra obtained from silverﬁsh
silk (A), silkworm (muga) cocoon silk (B) and merino wool (C). The laser polarization
was parallel to the ﬁber axis is all cases and the red traces represent the sums of the
component peaks. (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)

earlier, the dominant intensity of the 850 cm1 component of the
850 and 830 cm1 Fermi doublet suggests that the hydroxyl groups
of Tyr residues are not strong hydrogen bond donors to other amino
acids (Siamwiza et al., 1975), consistent with a high degree of disorder in the protein chains. The absence of any features near 650
and 700 cm1 attributable to C-S stretching vibrations (Nogami
et al., 1975) is consistent with the low level of methionine detected by amino acid analysis.
The direct amino acid analysis conducted did not provide information about cysteine. In the Raman spectra there was no signiﬁcant feature in the region characteristic of disulﬁde linkages
near 500 cm1 (Sugeta et al., 1972; Van Wart and Scheraga, 1986)

Table 3
Amino acid composition of silverﬁsh silk.
Amino acid

% of recovered

Ala
Cys
Asp þ Asn
Glu þ Gln
Phe
Gly
His
Ile
Lys
Leu
Met
Pro
Arg
Ser
Thr
Val
Trp
Tyr

8.4
nd
10.0
14.5
4.9
3.1
3.1
2.5
10.9
11.2
0.7
5.2
4.4
4.8
6.0
6.5
nd
3.7

nd ¼ not determined.
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<1 mm in diameter, directly from the glands using a motorized
spool (see Section 2.1). However, the silk was found to have an
unusual suite of molecular properties in comparison to previously
described silks: low molecular orientation (Sections 2.1 and 2.3),
low aqueous stability (Section 2.2), atypical amino acid composition (Section 2.4), and predominant random coil molecular
structure (Section 2.3). Furthermore, we found no evidence of
covalent cross-linking in the silk. To our knowledge, all previously
described silk ﬁbers are stabilized by cross-links in the form of
either extensive hydrogen bonding within ordered crystallites (Fu
et al., 2009), disulﬁde (Case et al., 1997) or other covalent bonds
(Sutherland et al., 2006), strong electrostatic interactions such as
formation of phosphoserine/metal ion complexes (Ashton et al.,
2012), or some combination of these mechanisms. For silverﬁsh
silk, the high proportion of random coil structure (Section 2.3),
low level of molecular orientation (Section 2.1), solubility properties (Section 2.2), and low level of tyrosine amino acid interactions all suggest the density of intermolecular hydrogen
bonding to be signiﬁcantly lower than found in previously characterized silks.
The absence of evidence for chemical cross-links, coupled with
the large size of the silk proteins and their random coil structure,
suggests the major mechanism by which silk proteins cohere into
ﬁbers is the entanglement of disordered protein chains (Fig. 8). As
such, the silk is more similar to protein materials formed from
intrinsically unstructured proteinsdsuch as the capture threads of
velvet worms (phylum Onichophora; Haritos et al., 2010) and many
bioadhesives (Graham 2008)dthan to previously described silk
ﬁbers (Sutherland et al., 2010). Previously, ordered molecular
structures in insect silk ﬁbers have been viewed as a continuation of
the liquid crystallinity of protein solutions within insect silk glands
(Sutherland et al., 2010), which was in turn viewed as a necessary
requirement to reduce the ﬂow viscosity of protein solutions sufﬁciently to allow drawing through a spinneret (Kojic et al., 2006;
Vollrath and Knight, 2001). We suggest such constraints are mitigated during fabrication of silverﬁsh silk for two reasons. Firstly, the
morphology of silverﬁsh silk glands differs from that of spider silk
glands, having a much smaller ratio between maximum and minimum diameters, and being much shorter in length (Bitsch, 1990).
Both of these features are expected to reduce the drawing forces
required to overcome ﬂow viscosity (Kojic et al., 2006; Vollrath and

Fig. 8. Entanglement as the major form of cohesion in silverﬁsh silk. A, classic
conception of molecular organization in silk ﬁbers made by silkworms and spiders,
showing intermolecular H-bonding within beta-sheet crystallites and entanglement in
disordered regions, after Termonia (1994). B, an equivalent cartoon for silverﬁsh silk, a
material in which the majority of protein is present as unordered (random coil) protein
chains, with a lesser extended-beta-sheet (IIß) component.
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Knight, 2001). Secondly, silverﬁsh silk may be fabricated from more
dilute protein solutions in comparison to other silks, similar to the
fabrication of Onychophoran prey-capture threads from lowviscosity solutions containing only around 5% intrinsically disordered protein (Haritos et al., 2010). Fabrication from protein solutions at low concentration would also be expected to reduce shear
forces during fabrication, allowing proteins to retain their solution
structure. Overall, our results suggest the process of insect silk
fabrication to be more ﬂexible than previously appreciated, with
the process of drawing through a spinneret determining the
macroscopic form of the material as a cylindrical ﬁber, but
imposing surprisingly few constraints at the level of molecular
structure.
Silks are semi-crystalline polymers in which a balance exists
between ordered protein structures and disordered protein
chainsdeach of which confer distinct mechanical and physical
properties to the ﬁnished material (Krasnov et al., 2008). Ordered
regions are associated with strength (Krasnov et al., 2008) and
resistance to proteolysis (Arai et al., 2004), while disordered regions confer ﬂexibility (Krasnov et al., 2008) and adhesiveness
(Graham, 2008). An inference can be made regarding the relative
importance of such properties in silverﬁsh silk by invoking a
comparison to other silks produced in insect epidermal glands. For
example, silk ﬁbers made by web-spinners (order Embioptera) are
used to form protective galleries, and must remain structurally
sound for long periods of timedup to weeks or months (Edgerly
et al., 2002). Accordingly, web-spinner silk is predominantly
composed of proteins with well-deﬁned beta-sheet secondary
structure (Collin et al., 2009; Okada et al., 2008). In contrast, silverﬁsh silk is not required to bear any signiﬁcant loads and needs to
persist only for the duration of mating, approximately half an hour
(Sturm, 1956); a predominantly random coil conformation may be
well-suited to its required physical properties.
In addition to affecting the physical properties of solid ﬁbers,
the degree of structure within silk proteins has repercussions for
which mechanisms of material fabrication are suitable. For silks
that do not require a high content of ordered protein structures,
entanglement may be an efﬁcient method of ﬁber fabrication. If
selection pressure for ordered structures in the solid ﬁbers is
weak, selection speciﬁcally for the open and extended random coil
structuredwhich will promote maximal entanglement during
fabrication, and is likely to increase the adhesiveness of the
ﬁbersdmay dominate. The key deﬁning feature of silverﬁsh silk is
the predominance of disordered protein chains. The other unusual
features of the silk are likely consequences of the random coil
molecular structure: the small residues Ala, Ser and Gly, which are
associated with dense protein packing and ordered secondary
structural elements in other silks, occur at relatively low frequency; the low proportion of protein in the orientated IIß
component yields low birefringence; and randomly coiled protein
chains are highly accessible to solvent, resulting in the low stability of the ﬁbers in aqueous solvent.
In this study we have shown that the fabrication of silk ﬁbers by
entanglement of randomly coiled proteins is compatible with the
physical constraints of ﬁber fabrication by drawing a protein solution through a spinneret. We have discussed how the function of
a silk affects the balance between molecular order and disorder in
silk ﬁbers, and put forward silverﬁsh silk as an example of a situation in which disorder is favored. Overall, this study suggests that
in the broad sense, insect silks tend to contain well-deﬁned protein
secondary structures because of the mechanical and physical
properties they confer to ﬁbers. For ﬁbers with less stringent material requirements, entanglement is an alternative mechanism of
molecular cohesion that is capable of substituting for intermolecular bonding.
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4. Materials and methods
4.1. Insects and silk collection
Domestic silverﬁsh (Ctenolepisma longicaudata) were collected
from human residences in Canberra (ACT, Australia) and housed in
a glass tank heated to 25e30  C, with pieces of black plastic card
‘leaf-litter’ for shelter. Bread crumbs, tropical ﬁsh ﬂakes and water
were provided for sustenance. Pieces of plastic card were removed
periodically and examined for naturally spun silk, which could be
collected with tweezers. Alternatively, males were cooled at 20  C
for 30 s and immobilized using sticky tape. Silk could be then
drawn manually by brushing the phallic glands with a toothpick or
pipette tip and winding the resulting ﬁbers around a spindle.
4.2. Microscopy
Light microscopy was performed using a Leica M205C polarizing
microscope (Leica, Wetzlar, Germany). Samples of naturally spun
silk for electron microscopy were mounted on stubs using
conductive tape, sputter-coated with gold and examined using a
Zeiss Evo LS15 scanning electron microscope (Zeiss, Jena, Germany). Silk was visualized under high vacuum, using an accelerating voltage of 15 kV.
4.3. Solubilization and electrophoresis
Silk bundles manually drawn from the phallic glands of individual males were solubilized in 3% SDS, and the resulting solutions
were used for polyacrylamide gel electrophoresis under reducing
conditions using NuPage 4e12% Bis-Tris gels and 2-(N-morpholino)
ethanesulfonic acid running buffer (Invitrogen, Carlsbad, CA, USA).
Gels were stained with Coomassie Brilliant Blue (SigmaeAldrich, St.
Louis, MO, USA).
4.4. Raman and FTIR spectroscopy
Infrared spectra and Raman survey spectra were obtained from
silk manually collected from males (as described in Section 4.1).
These were bundles of parallel ﬁbers of about 1 mm in diameter.
For micro-Raman spectroscopy the ﬁbers were aligned with the
ﬁber axis parallel to the laser polarization using a rotating stage.
The Raman spot size was of the order of 0.8 mm in diameter so one
or two ﬁbers could be included in the analysis volume. For
infrared spectroscopy, the area analyzed was approximately 10 mm
wide by 20 mm long. The maximum absorbance was less than 1
unit suggesting the sample analyzed could be 4 or 5 ﬁbers thick.
Polarized Raman spectra were obtained from naturally spun single
ﬁbers.
Wool ﬁbers (18 mm diameter) from pen-fed Australian merino
sheep were solvent scoured by gentle agitation in dichloromethane
for 5 min. The solvent was decanted and the wool was compressed
to remove as much solvent as possible. This process was performed
three times. The above procedure was then repeated using ethanol
and then deionized water, and then the wool was immersed in
methanol, drained, and allowed to air dry. The lipids were then
Soxhlet extracted from the wool by reﬂuxing for 24 h with chloroform/methanol (70%/30% v/v). After extraction, the wool was
dried in an oven at 107  C. Muga cocoon silk was degummed using
2% sodium carbonate solution and 1% olive oil soap (based on
weight of silk cocoon). The process was carried out at 98  C for 2 h
in a laboratory dying machine.
Raman spectra were obtained using an inVia confocal microscope system (Renishaw, Gloucestershire, UK) with 514 nm excitation from an argon ion laser through a 50 (0.75 na) objective.

Incident laser power was 4.86 mW as measured using a Nova power
meter ﬁtted with a PD300-3W head (Ophir Optronics Solutions
Ltd., Israel). Survey spectra were collected over the range 3500 to
100 cm1 and averaged over at least ﬁve scans, each with an
accumulation time of 25 s. Polarization measurements were made
in static mode covering the range 1800 to 1370 cm1. Fibers were
orientated with respect to the laser polarization using a rotating
stage. The laser polarization was rotated using a ½-wave plate
while the spectrometer was ﬁtted with a polarization analyzer
consisting of a polarizer and a ½-wave plate. The polarized spectra
were corrected to account for the polarization dependence of the
optics of the Raman microscope using the factor determined from
the ratio of the cross-polar spectra. The Raman shifts were calibrated using the 520 cm1 line of a silicon wafer. The spectral
resolution was w1 cm1.
Infrared spectra were collected in transmission mode using a
Perkin Elmer System 2000 FTIR spectrometer ﬁtted with an i-series
infrared microscope. Spectra were collected from 4500 to 750 cm1
at 4 cm1 resolution with 64 scans co-added. All data manipulation
and deconvolution was carried out using Grams AI software version
9.1 (Thermo Fisher Scientiﬁc Inc., USA). Spectral deconvolution was
carried out by ﬁrst identifying band components from the second
derivative spectra obtained using the Savitzky-Golay method
(Savitzky and Golay, 1964). Fits are based on the usage of a minimal
number of band components. All peaks heights were limited to the
range greater than or equal to zero. In the initial ﬁtting steps the
band centers were only allowed to vary by 5 cm1 from the frequency determined by the second derivative spectra. In the ﬁnal
reﬁnements all parameters were allowed to vary unconstrained.
Two point linear baselines were used throughout.
4.5. Amino acid composition
To acquire a sufﬁcient amount of silk for amino acid analysis,
silk from the phallic glands of 19 males were wound around the
same spindle and washed in milliQ water. Amino acid analysis was
performed as a commercial service at the Australian Proteome
Analysis Facility (Macquarie University, NSW, Australia). Samples
underwent 24 h gas phase hydrolysis with 6 N HCl at 110  C, and
amino acids were analyzed using the Waters AccQTag Ultra
chemistry. Cys and Trp residues were not analyzed by this
method.,
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