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ABSTRACT

Spider silks demonstrate extraordinary mechanical performance. They rely on an intricate hierarchical structure
that gives rise to unique properties. Of the many types of spider silks that are produced, dragline spider silk has
attracted the most research attention due its extremely high strength. Since data on dragline spider silk is readily
available, much can be understood about the nature of spider silk by analyzing the structure of dragline spider
silk. Moreover, the study of spider silk can inspire the design of new materials. Here, we review the structure
of dragline silk, present a particular material model to explain their behavior, and discuss the potential outlook
in the area.

Introduction

Biological materials often demonstrate extraordinary mechanical properties and are a source of inspiration for
material development. An example of such a material is spider silk, which is composed of protein-based biopol-
ymer filaments or threads. Spider silk is strong, elastic, highly stretchable, and tough. Such outstanding mechan-
ical properties make it suitable for a wide range of activities a spider undergoes, such as wrapping of eggs and
capturing insects. Moreover, spider silk’s unique structure as well as its high strength to weight ratio has
prompted researchers to look into the mechanisms that govern its mechanical properties (Work, 1978; Gosline,
et al., 1986) . While spiders produce many different types of silk, much of the research has focused on dragline
silk, which is the backbone of the spider’s web. Dragline silk is also the strongest type of silk produced by
spiders, and rivals the strength of many synthetic materials. For instance, the strength of spider silk was meas-
ured to be 1.1 GPa (Griffiths and Salanitri, 1980) which is comparable to the strength of stainless steel and
Nylon. However, the density of spider silk is roughly six times less than that of stainless steel, making it an
extremely strong material relative to its weight. Fibers made of dragline spider silk are also comparable to some
of the strongest synthetic fibers. Work (Work, 1976) has tested the strength of dragline spider silk fibers and has
found a strength of around 1.8 GPa. Indeed, its specific strength, defined as the strength divided by the density
of a material, is comparable to glass fiber. Not all dragline silk possess the same properties. Variations in me-
chanical properties can be present in different species of spider and across spiders of the same species with
differing diets. Here, we review the structure of dragline silk, present a particular material model to explain their
behavior, and discuss the potential outlook in the area. It is hoped that this review can reinforce the applicability
of dragline silk in industrial use.

Structure of Spider Silk

The morphology of dragline spider silk has been extensively studied across a wide range of length scales. Much
of the understanding of the behavior of spider silk is derived from atomistic simulations of its structure (Meyers,
et al., 2013). Scanning electron microscope images taken on a strand of dragline silk (Riekel, et al., 2001)
demonstrate that the fibers are a composite of two fibers of different sizes: major ampullate silk fibers, with
diameters on the order of a few microns, and minor ampullate fibers which are typically half the diameter size
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of the former. Transmission electron images (Rousseau, et al., 2007) taken on single fiber reveals the underly-
ing nanoscale structure of the fibers, consisting of fibrils that are aligned parallel to the axis of the fiber. Atomic
force microscopy (Gould, et al., 1999) images on an even smaller scale demonstrate the presence of -sheet
nanocrystalline domains that surround the amorphous regions. Both the amorphous and crystalline domains are
major components that give rise to the mechanical behavior of spider silk. In particular, the crystalline regions
endow the spider silk with its high strength, while the amorphous regions provide elasticity. On a molecular
level, the B-sheets hold the molecules together and provide stiffness, while the amorphous regions allow mo-
lecular mobility (Gosline, et al., 1986). A typical stress-strain curve of spider silk exhibits several unique regions
each of which correspond to a different nanostructural behavior (Fig 1). At low stresses, the hydrogen bonds
between amorphous chains give rise to a high modulus, and the behavior is elastic.. At this elastic regime, the
amorphous chains are being stretched. Beyond this range, the hydrogen bonds are broken, and the stiffness of
the spider silk is given by the entropic unfolding of the protein domains. The spider silk then exhibits major
stiffening due to the presence of the B-sheet nanocrystalline domains, after which the silk exhibits a stick slip
behavior before failure.
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Figure 1. Stress-strain behavior of spider silk. At low stresses, amorphous chains are being stretched. Beyond
this range, the hydrogen bonds are broken, and the stiffness of the spider silk is given by the entropic unfolding
of the protein domains. The spider silk then exhibits major stiffening due to the presence of the f-sheet nano-
crystalline domains. Prior to fracture, the silk exhibits a stick slip behavior.

Spider Silk Elasticity

As mentioned earlier, spider silk is inherently semicrystalline—consisting of amorphous chains that are sur-
rounded by rigid crystals. In the absence of water, the amorphous chains are also connected by hydrogen bonds.
However, when water is present in the amorphous regions, the hydrogen bonds do not form (Fig 2), and thus
the amorphous phase becomes less stiff.
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Figure 2. Dragline silk structure in the dry and wet state. As seen in figure 2a, amorphous chains are surrounded
by P sheets, which act like rigid crystals. As well as being entangled, these dry amorphous chains are further
linked by hydrogen bonds. As seen in figure 2b, when the silk is wet, hydrogen bonds do not form, making the
amorphous phase less stiff.

In the absence of hydrogen bonds, the chains in the amorphous regions form a random-coil orientation.
Termonia formulated a theoretical model of spider silk elasticity based on this picture. We now highlight the
theoretical model of Termonia and discuss its implications. The model assumes that when stress is applied to
the network, the hydrogen bonds between the amorphous regions break at a certain rate that depends on the
local stress. Parameters of the bond breaking rate can be estimated based on the yield point of the spider silk
network. Unlike the amorphous chains, the crystalline regions are assumed to remain intact, because their stiff-
ness is extremely high. After a hydrogen bond in the amorphous region is broken, the load is transferred to the
amorphous chain strand. The stress in an amorphous chain is given by:

0 = Ex/(n)f(Aun,)
(1
where E, is the modulus of the amorphous chain and 7. is the number of monomers between entangle-

ments. The stiffness is an amorphous polymer chain is given by
E, = 3NkT
2
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where N is the number of polymers in a chain, K is the boltzmann constant and T is the temperature.
Note that the stiffness is calculated based on rubber elasticity theory and thus assumes that the region is entirely
amorphous. However, some regions have crystal f-sheets surrounding them. For these chains, the modulus is
given by:

E.p = 6E,
3)

The chains near the B-sheets are indeed stiffer because chains exiting the B-sheet are confined. When
simulations are conducted on the wet dragline silk, the stress-strain curve exhibits a linear behavior up to a
stretch of about 2. After a stretch of two, the material strain stiffens, until the amorphous chains reach their
extension limit and break. After the amorphous chains sequentially break, the network fails. When simulations
are conducted on a dry network, only the initial portion of the stress stretch curve is linear. Deviations from
linearity begin to happen at a stretch of about 1.02, which is due to the breakage of hydrogen bonds in the
amorphous regions. Note that once the hydrogen bonds are broken, the behavior of the dry dragline silk must
be the same as the wet dragline silk since the only difference between the two networks would be the presence
of hydrogen bonds in the former. As expected, the simulations demonstrate that beyond a stretch of 1.1, the two
curves overlap. Next, the effect of crystallinity on mechanical behavior was studied. When the modulus of all
amorphous chains is assumed to be uniform, that is, the material does not have any crystalline regions, the
strength drops by about 5 times. The modulus is also drastically reduced. This demonstrates the importance of
the crystalline regions in giving dragline spider silk its exceptional properties. The effect of crystalline size was
also studied, where it was shown that the strength of the spider silk decreases when larger crystals are used. The
authors attribute this effect to the increased volume fraction of the thin, high modulus layer. The model of spider
silk elasticity gives us great insight to applications of spider silk, which we will discuss in the next section.

Applications and Future Outlook

The production of spider silk can be useful for many biological applications. For instance, combining fiber
twisting and braiding of silk fibers has been used as means of artificial ligament replacement (Altman, et al.,
2002). Spider silk-based films have also been synthesized and find promising applications in wound dressings
(Himmerich, et al., 2006). Research into spider-silk based hydrogels has also been promising. The hydrogels
are formed by self-assembled nanofibers of silk that transform into a hydrogel fiber network over time (Ram-
mensee, et al., 2006). This provides a vast area of biological applications since hydrogels for tissue engineering
(Hassan and Peppas, 2006), drug delivery (Langer, 1998), and soft machines (Calvert, 2009). Spider silk-based
fibers also find promising applications in composite structures. As mentioned earlier, spider silk is strong,
tough, and light-weight, making them ideal for fiber composite synthesis (Arcidiacono, et al., 2006). Given the
recent popularity of soft composites, the authors believe that silk-derived soft composites is an extremely prom-
ising area of research. Although spider silk exhibits excellent mechanical properties and its mechanics are rel-
atively well studied, a major bottleneck in the applications of spider silk appears to be its production. In partic-
ular, the inability to express a complete strand of spider silk proteins, from which spider silk fibers can be
synthesized, is a major limitation at the genetic level. An issue lies in maintaining the adequate quality of spider
to silk which necessitates the full recapitulation of the silk properties. Every protein domain must be present
and accurately recreated due to all these domains being key to the quality of the silk. However, once the ex-
pression of a full length spider silk is achieved, silk can be recreated at the low costs needed to encourage its
commercialisation in a vast variety of industries.
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