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1. Introduction

In the past few years a number of reviews, books and journal articles featuring silks have
been published. Silks are produced by over 41,000 species of spiders (class Arachnida) and
by many insects (terrestrial and aquatic), particularly in the order Lepidoptera (Foelix, 1996);
they are defined as externally spun fibrous material generated from protein secretions. The
cocoon silk from the domesticated silkmoth, Bombxy mori, represents one of the best
characterized silks. Cocoon silks are natural composite materials that contain two core silk
proteins, along with an outer adhesive protein dubbed sericin. Sericin can be removed by
heat and alkaline treatment, leading to about 300 to 1,200 meters of usable fiber from each
cocoon. Silk from spiders have also generated considerable scientific potential in recent
years. Over the past two decades, scientists have been attempting to unravel the molecular
details of spider silks because these composite materials offer a broader range of diverse
mechanical properties. Spider silk fibers have remarkable mechanical properties and certain
threads are superior to Nylon, Kevlar and high-tensile steel. As advances in the processes
for their synthesis, processing, and extrusion continue to emerge it presents scientists with
exciting opportunities for developing new classes of biomaterials. Spider silk proteins are
synthesized from specialized abdominal glands that function as biofactories to produce
large quantities of silk fibroins; these fibroins are spun into silks with different properties,
compositions and morphologies. Spider silks have been reported to be used in the South
Pacific for gill and dip nets, fishing lures, and in weaving ceremonial dresses. They have
also been used clinically as sutures for centuries due to their biocompatibility, slow
degradability and high tensile strength. Silks also have been shown to have piezoelectric
properties and stability over a range of temperatures (Ando et al., 1980). Although cocoon
silk from silkmoths has been harvested by the Chinese for over 5,000 years, the
domestication of spiders for large-scale silk collection is impractical due to their
cannibalistic nature. Thus, because the development of spider silk farms is improbable, the
interest has shifted to the development of recombinant DNA methodologies to clone spider
silk genes for expression in transgenic organisms. The cob weaver black widow spider,
Latrodectus hesperus, along with the orb weaver, Nephila clavipes, are rapidly becoming model
organisms for retrieving the genetic blueprints from spider silk gene family members for
expression studies. The long-term goal of the silk community is to express and purify
recombinant silk proteins for a wide-range of applications, including medicine, engineering
and defense. Here we cover the following topics: the diversity of spider silks, the
composition and mechanical properties of silks, and the natural silk extrusion pathway. By
drawing upon these biochemical data and processes, we describe the development of spider
silk fiber composites using truncated recombinant spider silk proteins blended with
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regenerated dragline silks. The application of mixing regenerated spidroins with
recombinantly expressed spider silk proteins to produce composite fibers has not been
explored by the silk community and this book chapter investigates the aspect of spinning
artificial spider silk fibers for biomimetics.

2. Diversity of spider silks

As scientists unravel the secrets of spider silk, it has become evident that a broad range of
diverse fiber types has evolved to serve different ecological purposes. These threads have a
host of different functions: locomotion, wrapping prey, protection of developing eggs and
web construction. The structural diversity of spider silk fibers can be attributed to over 400
million years of natural selection. Anatomical studies of typical orb or cob-weavers reveal
the presence of seven distinct silk-producing glands: the major and minor ampullate glands
(locomotion and web frame), tubuliform (egg case silk), flagelliform (spiral capture silk),
aciniform (prey wrapping silk), aggregate (sticky adhesives on spiral capture or gumfooted
lines), and the pyriform glands (attachment disc and joining fibers) (Fig. 1). Molecular and
biochemical analyses demonstrate that the different silk-producing glands are highly
specialized, expressing specific members of the spider silk gene superfamily (Table 1).
Through the evolution of different silk-producing glands, spiders can express gland-specific
silk proteins with different sequences, generating a broad range of different fiber types with
diverse functional attributes (Guerette et al., 1996).

Fig. 1. Microdissection of the silk-producing glands from the abdomen of N. clavipes
indicates several specialized structures that manufacture silk fibroins. Numbers indicate
each gland: 1 (top and bottom - major ampullate), 2 (flagelliform), 3 (minor ampullate), 4
(aggregate), 5 (aciniform), 6 (tubuliform) and 7 (pyriform).

2.1 Major ampullate silks

The major ampullate gland has been the principal focus for researchers investigating the
natural silk production pathway. This bulb-shaped gland is found in pairs in spiders and is
responsible for producing dragline silk (Fig. 1). Dragline silk is referred to as the ‘safety line’
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of spiders and it is often spun in pairs and is accompanied with two minor ampullate silk
threads (Fig. 2A). During locomotion, dragline silk fibers are immobilized to surfaces by
structures known as attachment discs. Attachment discs are comprised of small diameter
fibers spun from the pyriform gland that are extruded in a sticky substance that dries
rapidly, sealing dragline silk to wood, concrete, glass, plants and other materials (Fig. 2B).
The mechanical properties of major ampullate silk are dependent upon the amino acid
sequences of the spun fibroins and the reeling speed during extrusion. When major
ampullate silks are spun rapidly, it produces a stiffer fiber that efficiently supports the
weight of spiders. In contrast, spinning major ampullate silk at a slower rate during the web
frame construction leads to a fiber with higher extensibility, a necessity for dissipating the
energy of prey impact on the web. Transmission electron microscopic analysis reveals
dragline silk contains four different layers: core, skin, glycoprotein layer and a lipid coat
(Sponner et al.,, 2007). These studies also demonstrate that dragline silk threads lack
adhesive coatings on their surface.

Spider Silks and their Natural Functions in Cob weavers

Silk Gland Location of Silk Fiber Proteins

Major ampullate ~ Web frame, safety line (dragline) MaSp1; MaSp2
Minor ampullate ~ Web reinforcement , safety line (dragline) MiSp1-like
Flagelliform Spiral capture silk* Flag*

Aciniform Wrapping silk, small diameter egg case fiber ~ AcSpl-like
Tubuliform Large diameter egg case fiber TuSp1; ECP-1; ECP-2
Aggregate Glue coating for gumfooted lines Unknown

Pyriform Attachment disk and joining fiber PySpl

Table 1. Summary of silk-producing glands, fiber types and silk proteins found in the
threads of orb- or cob-weavers. (*Only identified in orb-weaver’s spiral capture silk)

In orb-weaving spiders the functions for dragline silk include web frame construction and
locomotion. Black widow spiders also use dragline silk to build three-dimensional webs for
prey capture. We have shown by MS/MS analyses that solubilized proteins from scaffolding,
gumfooted and dragline silk fibers, followed by tryptic digestion, produce overlapping
peptide fingerprints that match protein sequences within the major ampullate fibroins
(unpublished data). These studies demonstrate scaffolding, gumfooted lines and dragline silk
consists of major ampullate silks. Because scaffolding silk fibers represent the bulk of a black
widow spider’s three-dimensional web, it provides an excellent opportunity to collect dragline
silk from black widow spiders housed in cages. The collection of large amounts of scaffolding
silk can be done rapidly from spiders stored within the laboratory. Milligram quantities can be
obtained from a single cage that is 1" x 1" x 1.5". In order to produce regenerated major
ampullate silk, we have taken advantage of the fact that scaffolding fibers are a rich source of
full-length protein sequences for the major ampullate silk fibroins.

2.2 Egg sac silks
Of the seven different silk types spun from spiders, egg case silks are the easiest to collect.
When egg sacs are spun from female spiders, they must endure a variety of different
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environmental factors. Some of these factors include predators and invasion by parasites or
temperature and humidity fluctuations. Black widow spider egg sacs contain two thread
types: aciniform and tubuliform silks (Fig. 2C-D). Aciniform fibers have diameter sizes that
are approximately 500 nm, which is one order of magnitude smaller than the average 5 pm
diameter sizes for tubuliform silks. These fibers are also coated with small droplets, but the
chemical contents of the liquid material have not been determined (Fig. 2C-D). In addition to
the structural proteins in the fibers, MS/MS analysis has identified the presence of two
spider coating peptides, which have been named SCP-1 and SCP-2. Intriguingly, these
peptides can be efficiently removed from egg sacs soaked in water, suggesting these
peptides are water soluble, polar compounds (Hu et al., 2007). The biological significance of
the coating peptides is presently unknown, but one hypothesis is these molecules function
as antimicrobial agents that help prolong the longevity of the fibers. Quantitative real-time
PCR analysis has demonstrated that SCP mRNA levels are elevated in the flagelliform gland
(Blasingame et al., 2009).

@) D)
Fig. 2. Scanning electron microscopy of dragline silk, attachment disc fibers and egg sacs

from the black widow spider, L. hesperus. A) Dragline silk; B) Attachment discs; C) Egg sacs
at 500X magnification; D) Egg sacs at 2500X magnification.

In addition to aciniform silks being constituents of egg cases, these fibers are also used for
prey capture (Hayashi et al., 2004; Vasanthavada et al., 2007). Because detailed molecular
data are available for dragline and tubuliform silks and these fiber types are available in
large quantities, we are attempting to study the mechanical behavior of synthetic composite
spider silk threads spun from regenerated dragline and egg sac silk protein mixtures.
Additionally, we are supplementing regenerated dragline silk fibroins with different
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recombinantly expressed spider silk proteins. This approach has many advantages,
including the ability to have native-sized full-length fibroins in artificially spun fibers with
truncated recombinant proteins.

3. Properties and compositions of spider silk

Spider silks represent natural composite materials that are biopolymers. Biochemical
analyses reveal that the different silk types contain at least 2-3 distinct structural proteins,
commonly referred to as fibroins. Table 1 summarizes the major proteins stored within the
luminal contents of several silk-producing glands within L. hesperus. With respect to
molecular characterization, dragline silk has received the most attention from the scientific
community.

3.1 Molecular components of dragline silk

The major and minor ampullate fibroins contain the highest levels of glycine and alanine
relative to other spider silk family members; these levels approach >50% of the total amino
acid content (Casem et al., 1999; Lombardi & Kaplan, 1990). Biochemical experiments show
dragline silk is a composite material largely composed of two structural proteins or
spidroins (contraction of the words spider and fibroin) called MaSp1l and MaSp2 (Xu and
Lewis, 1990; Hinman and Lewis, 1991). Structural studies demonstrate the major ampullate
spidroins form the core of the fiber that is wrapped inside a glycoprotein coat. Although the
identities of the constituents of the glycoprotein layer remain unknown, experimental
evidence supports this layer is added in the ampulla prior to extrusion (Casem et al., 2002;
Sponner et al., 2005). The molecular sequences coding for the dragline silk fibroins were the
first to be identified from N. clavipes (Xu & Lewis, 1990). Recently, the complete genetic
blueprints for MaSp1 and MaSp2 were determined from L. hesperus (Ayoub et al., 2007). The
predicted sequences for these fibroins encode large molecular weight proteins that are
approximately 3,500 amino acids in length. These spidroins are highly modular, each
containing internal repetitive block repeats that are flanked by N- and C-terminal non-
repetitive ends comprised of approximately 100 amino acids. The internal block repeats are
rich in glycine and alanine; these regions form polyalanine or polyalanine-glycine stretches
that are interrupted by glycine-rich regions. The polyalanine segments form beta-sheet
crystal domains and are responsible for the high tensile strength while the glycine-rich
regions adopt 3i-helix type structures and beta-turns that link the crystalline domains
(Simmons et al., 1996). These interconnecting glycine-rich regions constitute the semi-
amorphous regions and have been implicated in the extensibility of the fibers. Extensibility
of dragline silk fibers also has been attributed to glycine-proline-glycine-X-X (GPGXX)
repeats within the MaSp2 protein sequence and the formation of beta-spirals. MaSp2
proteins have been shown to be tightly packed in certain core regions of fibers from N.
clavipes, whereas MaSp1 appears to be uniformly distributed along the radial axis (Sponner
et al., 2005). These data demonstrate that MaSpl and MaSp2 are not evenly distributed
down the long axis of natural fibers. The biochemical mechanisms that modulate their
differential localization are not well understood, but could be explained by differences in
expression levels and/or their protein sequences that control partitioning during extrusion.
Interestingly, in natural fibers, MaSp1 and MaSp2 ratios have been shown to vary between
different species (Tso et al., 2005); these differences have been linked to the diet and
environment of spiders (Craig et al., 2000). It has been suggested that the synthesis of MaSp2
is more energetically expensive because of the higher cost associated with proline
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biosynthesis. Therefore, it would appear that spiders synthesize cheap silk when resources
are limiting, perhaps producing fibers that contain predominantly MaSpl molecules. By
testing the mechanical properties of composite spider silk fibers spun from regenerated
dragline silk fibroins combined with different ratios of recombinant MaSpl and MaSp2, it
will help address the structural roles of the MaSpl and MaSp2 fibroins. It will also reveal
how this spider silk composite behaves from a mechanical perspective. To a large extent,
this has not been fully explored because obtaining large amounts of purified recombinant
silk proteins for the spinning process is a difficult task.

3.2 Molecular components of tubuliform silks

Tubuliform fibroins have been shown to contain considerably lower levels of glycine
relative to dragline silk. Similar to pyriform silks, tubuliform silks incorporate amino acids
with more polar side chain groups (Blasingame et al., 2009). Although dragline silk fibers
have received much attention in the scientific community, the molecular and structural
details for egg case silk fibers are rapidly emerging. Egg sacs are produced by female
spiders during reproductive periods. For black widow spiders, egg cases are composite
materials containing two different silk types: tubuliform and aciniform (Vasanthavada et
al.,, 2007). The presence of two different fiber types implies tubuliform and aciniform fibers
provide a unique role that is central to the protection of spiderlings during development.
Biochemical studies have shown that aciniform silks contain the fibroin AcSpl-like
(Vasanthavada et al., 2007) and the tubuliform silks contain at least three different proteins:
TuSp1, ECP-1 and ECP-2 (Hu et al., 2005; 2006b). Scanning electron microscopy, along with
amino acid composition analyses performed on the egg sacs, support that tubuliform silks,
based upon volume, constitute the bulk of egg sac fibers. Additionally, mass spectrometry
studies (MS/MS) demonstrate that TuSp1 is one of the major constituents of tubuliform silks
and the non-repetitive N-terminus is retained in the spun fibroin. Manual inspection of the
amino acid sequence of TuSp1 reveals high levels of serine and alanine, but lower levels of
glycine. This fibroin lacks the traditional A, (GA), (GGX), and (GPGXX), repeats, but it
contains new amino acid motifs that include Sy, (SA),, (SQ)n, and GX (X represents A, D, F, I,
N, Q, V and Y). Internal block repeats are ~184 amino acids in length and are extremely
homogenous in nature. Short polyalanine stretches are highly iterated in the TuSpl
sequence and 13C NMR spectroscopy demonstrates that the majority of alanine is in a beta-
sheet structure in post-spun egg case silk (Hu et al., 2005).

The ECPs (ECP-1 and ECP-2) are also components of tubuliform silks (Hu et al., 2006b).
Based on Q-PCR studies, TuSp1 mRNA levels are ~20-fold higher relative to the ECPs. Both
ECP-1 and ECP-2 contain large amounts of alanine, glycine and serine. These residues
account for more than 50% of all of the amino acids in their translated sequences.
Translation of the ECP-1 and ECP-2 cDNAs predict proteins with 932 and 825 amino acids,
respectively. The N-terminal 182 residues of ECP-1 and ECP-2 are 70% identical, with 16
cysteine residues showing identical spacing patterns and 100% conservation. Whether these
cysteines participate in disulfide bond formation with each other or the N-termini of TuSp1,
which has two cysteine residues within its non-repetitive conserved terminus, is unknown.
The ECPs lack traditional internal block repeats commonly found in spidroin family
members, however, ECP-2 contains scattered, internal blocks of polyalanine and a C-
terminus rich in GA repeats. To date, the orb-weaver ECP orthologues have not been
reported. The precise role the ECPs serve in tubuliform silks is unclear, but their rich alanine
and glycine content, similar to dragline silk fibroins, suggests structural importance.
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4. Mechanical properties of spider silk

The mechanical properties of spider silks have been shown to be highly renowned relative
to some of the best man-made materials, displaying a combination of high strength,
extensibility and toughness. With respect to energy absorption prior to breaking, spider
silks are unmatched in the world of synthetic and natural fibers (Table 2). Different spider
silk types produce distinct stress-strain curves, demonstrating that spiders spin a broad
range of fibers with diverse mechanical properties (Gosline et al., 1986; Hu et al., 2006a).
Similar to other protein polymers, there are numerous factors that influence the strength
and the load-deformation response of silk fibers, which includes temperature, humidity,
and extrusion rate. The majority of mechanical studies have focused on dragline silk.
Dragline silk fibers have been subject to tensile testing from a wide range of different spider
species. Natural dragline silk fibers show both extremely high tensile strength and
toughness (often measured as “Energy to Break”). In man-made polymers, such as
polyethylene, increasing strength would often compromise fracture toughness. Yet in the
dragline silk, both strength and toughness can be maintained at high levels. The variations
in the mechanical behavior in dragline silk fibers across different species suggest that these
silks have been fine-tuned by each spider for their nuanced needs. Other spider silk fiber
types have also been studied using tensile testing, including aciniform silks (Hayashi et al.,
2004), tubuliform silks (Hu et al., 2006a), flagelliform silks (Lewis, 2006) and minor
ampullate silks (Liivak et al., 1997).

Fiber Elongation (%)  Strength (GPa) Energy to Break (MJ/m?3)

Araneus dragline 27 11 160
L. hesperus dragline 34 1 nd
B. mori cocoon silk 18 0.6 150
Flagelliform >200 1 150
Minor ampullate 30 0.346 nd
Tubuliform 71.7 0.629 nd
Aciniform 80 0.7 290
Nylon fiber 18 0.95 80
Kevlar 49 fiber 2.7 3.6 50
High-tensile steel 0.8 1.5 6

*Data was collected from several sources: Gosline et al. 1999; Hayashi et al., 2004; Livak et al., 1997;
Lawrence et al., 2004; Hu et al. 2006a. nd = no data

Table 2. Mechanical properties of spider silks in comparison to other fibers.

4.1 Dragline silk

Dragline silk is five times stronger by weight than steel and three times tougher than the
man-made fiber Kevlar, a synthetic fiber used in body armor (Table 2). Correlations between
the reeling speed and the tensile strength of dragline silk fibers have been observed
experimentally, supporting that spiders can tailor their thread properties by adjusting the
draw rate from their spinnerets. By controlling the reeling speeds during extrusion, spiders
can tune beta-sheet crystallite size and orientation of the protein polypeptide chain network.
These parameters are important structural factors that modulate the tensile strength of silks
(Du et al., 2006). Studies investigating the effects of reeling speeds demonstrate 3 nm
nanocrystals are optimal for producing fibers that have exceptionally high tensile strength.
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Consistent with this observation, molecular modeling stress-strain simulations predict that 3
nm crystals, which correlate to the natural size found in dragline silk, have higher ultimate
strengths and toughness relative to fibers with larger nanocrystal sizes (Nova et al., 2010).
This implies that spiders can manipulate the material properties of their fibers by changing
the reeling speed to tune the size of the beta-sheet nanocrystals.

Spider dragline silk fibers have been shown to be thermally stable to about 230°C on thermal
gravimetric analysis. In addition, these fibers have been shown to be able retain their
morphology, structure and mechanical properties when autoclaved (Hedhammar et al.,
2010). Unlike tubuliform silks, natural dragline silk fibers have been shown to experience
supercontraction when exposed to water, resulting in shrinking by up to 50% in length. For
certain silk types, supercontraction may provide an important mechanism to tailor silk
properties for synthetic composite spider silks.

4.2 Minor, aciniform and flagelliform silk

Similar to major ampullate silks, minor ampullate silks have been shown to display a high
Young's modulus (Liivak et al., 1997). In addition, mechanical studies have demonstrated
that aciniform silks represent the toughest spider silk type (Hayashi et al., 2004), a likely
evolutionary adaptation to help prevent the escape of immobilized prey (Table 2). Previous
biochemical analyses performed by our laboratory have demonstrated that aciniform silks
are also constituents of egg case silk in black widow spiders. The presence of aciniform silks
in egg sacs is intriguing, but it may suggest these fibers function to prevent predators from
gaining access to the enclosed eggs. Flagelliform silks, which have only been studied from
orb-weavers, are highly extensible fibers that constitute spiral capture silk (Lewis, 2006).
Spiral capture silk fibers are strategically positioned in orb webs to absorb and dissipate
large amounts of mechanical energy introduced during the collision of aerial insects (Lin et
al., 1995). These fibers are extremely compliant, which results in energy dissipation through
thread displacement and stretching (Table 2). Whether a functional equivalent of spiral
capture silk fibers is present in black widow spiders is unclear. Black widow spiders cast
three-dimensional webs, instead of two-dimensional webs that are characteristic of orb
weavers. Therefore, it would appear that black widow spiders have replaced FLAG silk,
which comprises the spiral capture silk fibers, with scaffolding silk or dragline silk. This
observation supports that spiders have evolved specialized silk fibers and different web
types to optimize prey capture.

4.3 Tubuliform silks

Tubuliform silks have been shown to be highly extensible, but display lower tensile
breaking strength relative to dragline silk fibers (Hu et al. 2006a; Zhao et al., 2006).
However, because tubuliform silks have increased extensibility relative to dragline silks,
tubuliform fibers display similar toughness (Table 2). To our knowledge, no experiments
have been reported to examine the mechanical properties of regenerated tubuliform silk.

5. Natural extrusion of silk

Many laboratories have focused on studying the extrusion process of dragline silk from the
major ampullate gland, primarily because this tissue is the easiest to identify and remove.
This structure is also the largest relative to the other silk-producing glands. Morphological
and histological studies demonstrate the major ampullate gland consists of various
components: it has a tail, ampulla, funnel and extrusion duct (Fig. 3).
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Fig. 3. The major ampullate gland of N. clavipes with tail, ampulla and the extrusion duct
(spinning duct). Shown connected is the small ampullate gland. Biochemical events known
to occur during the extrusion process are also labeled.

Large quantities of major ampullate spidroins are manufactured from columnar epithelial
cells residing in the tail, transported to the ampulla through vesicles, followed by extrusion
through a duct that tapers down, finally exiting from a spigot positioned on an abdominal
spinneret. In our microdissections of spiders, we also observe the presence of a small
ampullate gland (SAG) that is connected to the major ampullate gland (Fig. 3) (Ortiz et al.,
2000). The SAG is distinct from the minor ampullate gland (not shown) and it has received
little attention in scientific literature. Intriguingly, the SAG has its own tail, ampulla, funnel
and spinning duct that is fused to the extrusion duct of the major ampullate gland (Fig. 3).
The specific biological function of the SAG or the molecular contents it synthesizes, stores
and spins is unclear.

5.1 Biochemical processes during silk extrusion

To be able to produce synthetic spider silk composite fibers, scientists must first understand
the natural spinning process. Biophysical studies of the liquid contents stored within the
major ampulla, also referred to as the spinning dope, reveal these proteins are unfolded and
have a disordered secondary structure (Knight et al., 2000; Lefevre et al., 2008). The spinning
dope has been shown to represent a highly concentrated aqueous mixture of major
ampullate spidroins. During extrusion, these spidroins undergo changes that alter their
conformation and orientation. This process, which involves converting native liquid silk into
insoluble fibers, is modulated by chemical and mechanical events (Fig. 4).

These events include changes in pH, salt concentration and elongational flow (Chen et al.,
2002; Dicko et al. 2004; Knight & Vollrath, 2001). This course of action gives rise to a
hierarchically organized semicrystalline material. The crystalline region consists of short
polyalanine segments that form beta-sheet nanocrystals, whereas the amorphous phase is
formed from glycine-rich segments that likely adopt 3;-helices and a few alpha helices.
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Fig. 4. Biochemical events that occur during the silk extrusion pathway (a-d). a) monomers
assembling into multimers via their N- and C-termini; b) micelle and globule-like structure
formation; c) fibroin concentration and hydrogen ion levels increase (left to right) as the
proteins transition from a liquid to solid state, traveling from the ampulla through the
spinning duct; d) Beta-sheet structure of crystallite regions.

Histological data reveal that H* pump activity increases steadily along the length of the
spinning duct (Vollrath et al., 1998). Studies using a pH-sensitive microelectrode probe
support this observation, demonstrating the pH decreases from 7.2 in the major ampullate
gland to 6.3 in the extrusion duct (Dicko et al., 2004). Other chemical changes have been
implicated in the transition from liquid to solid during fiber production. These include a
decrease in Na* ions, coupled with increased K* and phosphate ion concentrations during
extrusion (Huemmerich et al., 2004) (Fig. 3). The pH decrease in the extrusion duct has been
associated with changes in the ionization state of side chain residues positioned within the
conserved N- and C-termini of spidroins, promoting dimerization and fiber polymerization.
Although the N- and C-termini both contain conserved non-repetitive regions, their amino
acid sequences are dissimilar. However, despite the differences in amino acid sequences,
there are some similarities in their conformational flexibility and secondary structures.
Recent structural studies of the MaSpl N-terminal domain (NT) from the nursery web
spider, Euprosthenops australis, demonstrate this region mediates protein assembly (Askarieh
et al., 2010; Hagn et al., 2010). Using recombinant NT mini-spidroins, it has been shown that
charge-dependent self-assembly occurs at pH values around 6.3 and promotes dimeric
formation, whereas at pH values around 7, the NT domain delays protein aggregation and
the spidroins remain in a monomeric state. Although pH changes have been implicated in
the assembly process, it is unclear whether other non-fibroin proteins also participate in
enhancing fibroin solubility or folding. Peroxidases have been detected in the luminal
contents of the major ampulla, but their biological function and contribution to fiber
assembly has not been established (Pouchkina et al., 2003). Future studies of the glandular
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contents using mass spectrometry, combined with transcriptome analyses of the different
silk-producing glands, should help lead to the identification of new molecular components
that modulate the assembly process. These findings will undoubtedly have a substantial
impact on manufacturing strategies that integrate silk proteins in composite materials.

The mechanisms of fiber extrusion in the other silk-producing glands have not been
thoroughly investigated at the biochemical level. Analyses of the morphological features of
these silk-producing glands reveal profound structural differences, aside from the
architecture of the minor ampullate gland, which closely resembles the major ampullate
gland (Jeffery et al., 2011). These data imply that the mechanisms for fiber extrusion are
distinct in the different glands that produce silk. Raman spectroscopy studies performed on
the glandular contents of the tubuliform gland support this supposition, which demonstrate
proteins are stored in a globular conformation with a high degree of alpha helical nature;
this differs significantly from the conformations of fibroins stored within the major
ampullate gland (Lefevre et al., 2011). However, after spinning, the tubuliform silks are
structurally similar to major ampullate fibers, containing a high degree of beta-sheet
structure. NMR studies have been performed to analyze the secondary and tertiary
structures of N. antipodiana TuSpl. Recombinant proteins containing either the N- or C-
termini attached to one repetitive domain spontaneously assemble into micelle-like
structures that can be converted into fibers at > 37°C (Lin et al., 2009). The N- and C-termini,
which are less hydrophilic relative to the internal block repeats, assemble and form the outer
region of the micelles, whereas the internal block repeats become buried on the inside of the
micelles; these internal block repeats exist in an unfolded state (Lin et al., 2009). During
extrusion the concentration of silk fibroin in the gland gradually increases to form micelles,
which further form globule-like structures and gels. These structures then experience shear
force, resulting in the conversion of random coil protein structures into beta-sheet
structures. Solid state NMR conducted on egg case silk fibers is consistent with this
transition and supports the presence of beta-sheet structures in spun fibers.

6. Synthetic composite spider fibers from recombinant proteins

Although it is feasible to harvest milligrams of natural dragline silk by forcibly “milking”
spiders or retrieving large amounts of tubuliform silks through the collection of egg sacs,
these are expensive and time-consuming endeavors. For example, a 3.4 m textile weaved
from natural dragline silk took more than one million N. madagascarenis spiders and the
efforts of over 70 individuals working 4 years; the total cost exceeded over $500,000.
Moreover, attempts to farm spiders have proven unsuccessful given their intrinsic
cannibalistic nature. Because of these difficulties, scientists have turned to using
recombinant DNA technologies to express spider silk proteins in transgenic systems.
Expression of silk proteins in heterologous systems has much promise; however, several
challenges still need to be resolved before artificial silk fibers can be spun from recombinant
proteins on an industrial scale. These include the development expression systems that
manufacture large quantities of full-length recombinant silk protein in a fast, cost effective
manner, and the second involves the development of spinning apparatuses that produce silk
fibers with mechanical properties approaching natural threads, preferably without the
accumulation of toxic waste products during the manufacturing process. Since harvesting
large quantities of silk from domesticated spiders for industrial applications is impractical,
recombinant spider silk production in either prokaryotic and/or eukaryotic organisms will



314 Metal, Ceramic and Polymeric Composites for Various Uses

need to be developed to ensure large amounts of soluble protein are available for artificial
fiber production.

6.1 Silk fibroin expression

Both prokaryotic and eukaryotic expression systems have their advantages and
disadvantages. For example, many eukaryotic proteins require posttranslational
modifications for functional activity, such as glycosylation and phosphorylation. Although
the significance of posttranslational modifications (PTMs) to fibroins remains unclear, amino
acid residues have been shown to be subject to phosphorylation and glycosylation within
fibroin sequences (Michal et al., 1996). Because PTMs are largely restricted to eukaryotic
cells, expression systems equipped with the cellular machinery for PTMs offer benefits to
potentially achieving fibroin states that resemble in vivo conditions. There have been several
successful reports of partial or truncated fibroins expressed in prokaryotes, in particular
Escherichia coli. However, the expression of full-length fibroin ¢cDNAs have not been
reported in either prokaryotic or eukaryotic expression systems. Both expression and
replication of spider silk cDNAs has been hampered by their long, repetitive and guanine-
cytosine-rich nature. These intrinsic properties have presented technical challenges with
sequencing spider silk genes, the ability to maintain intact transcription units for expression
studies, and the translation of long mRNAs dominated by alanine and glycine codons. The
inability to express full-length fibroins has been attributed, in part, to the depletion of the
tRNA pools, low solubility of the fibroins during expression and proteolysis of the
recombinant silk proteins. Several different cloning strategies have been applied to
overcome these barriers, including codon optimization of silk genes, specialized growth
media and conditions, as well as use of a variety of different host organisms for recombinant
silk production (Fahnestock and Irwin, 1997; Schmidt et al., 2007). Various plants have been
explored as model systems for spider silk expression, including Arabidopsis (Yang et al.,
2005), tobacco and potato (Scheller et al., 2001). Mammalian cell culture systems have shown
some promising success for expressing large molecular weight fibroins using the
immortalized cell lines from bovine mammary epithelial alveolar cells and baby hamster
kidney cells (Lazaris et al., 2002). Transgenic mice and goats that express spidroins also have
been generated, but these animals have resulted in the expression of low levels of fibroins
and have not proved to be cost effective for large-scale production of silk proteins (Xu et al.,
2007). Efforts to use the methylotrophic yeast Pichia pastoris, a robust eukaryotic expression
system that allows for recombinant proteins to be secreted into liquid growth media, have
also been explored but with limited success (Fahnestock & Bedzyk, 1997). Perhaps the most
success for producing recombinant spider silk proteins that approach native sizes has come
from the development of a metabolically engineered E. coli strain (Xia et al., 2010). However,
despite this most promising case, the levels of expressed proteins that can be readily
purified for the spinning process still remain too low for industrial scale production.

6.2 Artificial fiber production

Despite the broad range of expression systems used to synthesize recombinant spider silk
proteins, only a handful of research groups have spun artificial silk fibers using the
recombinant spidroins (Geurts et al., 2010; Lazaris et al., 2002; Teule et al., 2009). Even fewer
research labs have subsequently used these synthetic fibers to compare their mechanical
properties to the natural fibers (Xia et al., 2010). For most labs that have participated in the
production of recombinant silk fibroins, strategies have included using several block repeats
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and/or the non-repetitive C-terminal domain for expression studies. The majority of these
studies have used either the major ampullate spidroin 1 or 2 (MaSpl or MaSp2). Araneus
diadematus factor 3 and 4 (ADF-3 and ADF-4), two variants of MaSp2, have been used in a
number of studies. Recombinant MaSp1 spidroins have been produced using natural cDNA
sequences or multimerized synthetic gene pieces assembled from oligonucleotides
(Fahnestock & Bedzyk, 1997). In both cases overexpression of the truncated recombinant
proteins has often resulted in products that are water insoluble or precipitate out of solution
during protein purification. Several different strategies have been attempted to increase the
fibroin solubility during expression. One approach has been to express fusion proteins that
contain N- or C-terminal solubility-enhancing fusion partners such as thioredoxin (Stark et
al, 2007). Other strategies have included the incorporation of enzymatic
phosphorylation/dephosphorylation switches (Szela et al., 2000; Winkler et al., 2000) or the
integration of oxidation/reduction residues into the fibroin amino acid sequence to control
the assembly process (Winkler et al., 1999). Although these methods have led to improved
solubility, premature aggregate formation has been difficult to control during expression
and protein purification. Currently, solubilization of aggregates is often achieved using
hexafluoroisopropanol (HFIP), urea, guanidine hydrochloride, LiBr or formic acid.
Treatment of the aggregates with these solvents has become necessary to obtain sufficient
amounts of solubilized recombinant silk proteins for the artificial spinning process, which
requires 15-50% of spinning dope. However, because these solvents are hazardous and
removal of them from the spun threads is challenging, alternative approaches that integrate
spinning fibers from a water-based solvent will need to be developed and applied to ensure
the successful use of fibers for biomimetics.

6.2.1 Composite silk fibers spun from regenerated major ampullate silk spidroins
blended with recombinant proteins

Although synthetic silk fibers have been spun from recombinant spider silk proteins, silk
filaments have also been reported from dissolving natural dragline silk and re-spinning the
solubilized fibroin extract, a process that leads to a material known as regenerated silk.
Regenerated dragline spider silk has been described in the scientific literature just a few
times. These experiments have demonstrated reconstituted dragline spider silk self-
assembles into filaments from N. edulis (Shao et al., 2003). Additionally, these fibers were
shown to contain similar amino acid compositions relative to natural silks, suggesting the
molecular assembly process could be mimicked in vitro. For these studies, the investigators
focused on gleaning the molecular details about the spinning process.

In our attempt to enhance the properties of regenerated dragline spider silk, we have
supplemented this silk with recombinantly expressed truncated dragline silk fibroins,
MaSpl and MaSp2. These truncated forms, referred to as 1RCTmaspt and 1RCTwmasp2,
consisted of one block repeat fused to the non-repetitive, conserved C-terminus. To facilitate
recombinant protein solubility during induction in E. coli, we added an N-terminal
thioredoxin tag. Recombinant proteins were purified by using a 6x-his tag placed on the C-
terminus. Following purification, different ratios of 1RCTmaspt and 1RCTwasp were
combined with regenerated scaffolding silk fibroins and spun into synthetic fibers. To obtain
regenerated fibroins, scaffolding fibers were collected from cages and dissolved overnight in
hexafluroisopropanol (HFIP) at a final concentration 15% (w/v). HFIP is a commonly used
spinning solvent. Reconstituted scaffolding fibers and blended filaments were spun using a
previously published protocol (Teule et al., 2009). Mixing different ratios of the recombinant
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proteins led to reconstituted composite fibers that morphologically resembled fibers spun
from regenerated spider silk alone (Fig. 5A-D). These fibers had a fibrillar structure and
contained diameter sizes ranging from 33-49 pm. The morphology of the regenerated as well
as the blended fibers was also similar to native dragline silk fibers (Compare Fig. 2A with
5A-D). We also examined the fiber interior core after breaking the threads. Analyses of the
fractured regenerated fibers showed a solid, smooth interior (Fig. 5E) whereas the blended
silk fibers were more fibrous-like (Fig. 5F). The more fibrous-like interior may be the result
of fibroin assembly from truncated proteins.

A) B)
O D)
E) F)

Fig. 5. SEM images of the surface of regenerated dragline silk fibers and blended fibers
supplemented with recombinant MaSp1, MaSp2 or both spidroins. A) Regenerated dragline
silk; B) Regenerated +1RCTwasp1 (1:1); C) Regenerated + 1IRCTmasp2 (1:1); D) Regenerated
+1RCTMaspt +1RCTmasp2 (2:1:1). Fibroin mixture ratios are indicated in parentheses. All
images were collected at a magnification of 500-1000X.
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In addition to morphological differences, the fibers of varying formulations also exhibit
markedly different mechanical behavior. When compared with the native dragline, the
regenerated dragline silk has reduced modulus, extensibility, and toughness (Fig. 6).
Supplementing the regenerated dragline silk with either recombinant 1RCTmasp1 or
IRCTwmasp2 increases the elastic modulus, tensile strength, and toughness over the
regenerated dragline silk alone. However, supplementing with both recombinant 1RCTmasp1
and 1RCTwsp2 appears to diminish the mechanical enhancements relative to either fibroin
alone, suggesting that specific combinations of fibroins may provide optimal mechanical
behavior. The molecular basis is currently being investigated. Taken together, our synthetic
composite dragline silk fibers display higher tensile strength and extensibility relative to
previous reports involving artificial fibers spun from truncated recombinant MaSpl and
MaSp2 lacking their C-termini (Brooks et al. 2008). This supports that the C-terminus
contributes to enhancing the mechanical properties of the blended fibers.
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Fig. 6. Stress-strain curve performed using regenerated dragline and blended fibers
containing MaSp1 and/or MaSp2. Plotted data are from a single fiber, but are representative
of at least 4 different fibers.

6.2.2 Composite silk fibers spun from regenerated aciniform and tubuliform silk
proteins

Regenerated spider silk fibers spun from reconstituted egg sacs have not been reported in the
scientific literature. Here we demonstrate that solubilization of black widow egg sacs with
HFIP, followed by wet-spinning of the fibers into an isopropanol coagulation bath, can lead to
a composite filament containing the fibroins AcSpl-like, TuSpl and the ECP silk proteins.
These artificial spider silk composites were spun from 20% (w/v) solutions of dissolved egg
sacs. These are the first reported composite silk fibers that include native sized aciniform and
tubuliform silk proteins blended together into a single filament. SEM studies demonstrated
that the reconstituted egg case fibers contained diameter sizes approximately 90 pm (Fig. 7A).
Analysis of the surface morphology of the fibers revealed more irregularities relative to the
natural tubuliform silks (Compare Fig. 2D with 7A). The interior of fractured regenerated egg
case fibers showed a solid core, suggesting that fibroin assembly was not impaired during the
spinning process (Fig. 7B). Stress-strain curves performed on individual threads demonstrated
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these composite fibers were 2-fold lower and an order of magnitude below the tensile strength
of natural tubuliform silk (Fig. 7C). The % strain and tensile strength was 30% and 83 MPa,
respectively. In the future, we plan on testing the biocompatibility of these fibers to determine
their suitability for applications, such as tissue engineering.

S
Fig. 7. Synthetic composite spider silk threads spun from regenerated egg case silk proteins.

A-B) SEM analysis of regenerated and fractured egg case silk fibers, respectively; C) Stress-
strain curve performed on regenerated egg case silk fibers.

7. Other applications

Methodologies to spin artificial silk fibers on a large-scale for industrial, medical, military
and commercial use are progressing rapidly. In addition to spinning silk threads for a host
of applications other uses for spider silk proteins are being pursued, including drug delivery
and scaffolding materials. Both dragline silk fibers and egg sacs have been studied for their
biocompatibility in a few human cell culture systems (Allmeling et al., 2006; Gellynck et al.,
2008). Primary chondrocytes have been shown to attach and survive for several weeks on
natural dragline silk and egg sacs (Gellynck et al., 2008). Natural dragline silk fibers have
also been used to culture human primary Schwann cells and demonstrate these cells can
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adhere and elongate (Allmeling et al., 2006). In vivo biocompatibility of native dragline silks
has also been demonstrated by subcutaneous implantation in pigs (Vollrath et al., 2002),
mice and rats (Gellynck et al., 2008). These studies have revealed that spider silk is well
tolerated and generates little, if any, inflammatory response in the host animal.

Thus far, few in vitro studies have investigated the biocompatibility of recombinant spider
silk fibroins. Because spidroin family members have different amino acid sequences
within their block repeats, each member will require testing to determine whether certain
family members are more suitable relative to the others. Advances in molecular biological
techniques have facilitated the production of spider silk fibroins in sufficient quantities
for the fabrication of various scaffolds. Three-dimensional scaffolds fabricated from
recombinant dragline silk proteins have been shown to allow the attachment and
migration of mouse fibroblast cells into the deep layers of the scaffolds within 7 days,
implying that dragline silk fibers have excellent biocompatibility, stability and pore
interconnectivity (Agapov et al.,, 2009). Additionally, recombinant spider silk proteins
engineered with RGD cell-binding domains have been used successfully as biomaterial
matrixes to enhance the differentiation of human bone marrow derived mesenchymal
stem cells to bone-like tissue (Bini et al., 2006). Other uses for spider silk proteins include
the production of recombinant spider silk particles as drug delivery vesicles (Lammel et
al., 2011). Therefore, the use of spider silk fibroins for a host of different applications is
currently being pursued in the scientific community.

8. Conclusion

This chapter highlights how regenerated dragline and tubuliform silk fibroins can be used
to generate a spinning dope suitable for synthetic fiber production. It also explores the use
of blending truncated recombinantly expressed dragline silk fibroins MaSpl and MaSp2
with reconstituted dragline silk fibroins to generate composite spider silk fibers. With the
identification of different spider silk c¢cDNAs, coupled with the advancements in
heterologous protein expression systems and the spinning process, the timing to explore the
production of new engineering materials that integrate different mixtures of recombinant
silk proteins and reconstituted silk proteins provides an exciting time for silk biology
research. We have taken a novel approach, combining regenerated silk fibroins with
recombinant proteins, to study the material properties of synthetic composite spider silk
fibers. Our studies demonstrate that infusion of recombinant proteins into solubilized
regenerated silk fibroin mixtures is a valid method to study fibroin function in spun
composite silk fibers. It is also a method to generate a vast number of diverse synthetic
composite fibers with a broad range of mechanical functions.
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