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Dragline, Egg Stalk and Byssus: A Comparison of 
Outstanding Protein Fibers and Their Potential for 
Developing New Materials
E

 This feature article discusses three remarkable protein fi bers: spider dragline, 
lacewing egg stalk and mussel byssus. Sequence–structure–function relation-
ships of selected proteins in the fi bers are highlighted and the potential of 
these proteins for use as new materials is summarized. 
  1. Introduction: Fibrous Proteins 

 Proteinaceous fi bers are ubiquitous throughout biological sys-
tems and display varied mechanical properties and underlying 
structures (see  Table    1  ). To fi nd ways of producing novel bio-
compatible functional materials, fi brous proteins have become 
subjects of intense study, both to understand the molecular 
principles underlying the macroscopic behavior of natural fi bers 
and to learn how to process fi brous proteins into useful mate-
rials. One observation has been that common structural motifs, 
such as the  β -pleated sheet, can give rise to manifold proper-
ties depending on slight differences in underlying sequences. 
Secondly, processing plays a decisive if not equal role in the 
material properties of fi brous proteins as the sequences of the 
proteins themselves. Thirdly, the presence of auxiliary proteins 
and matrix components, hitherto relegated to the back bench of 
research on protein fi bers, may be essential for proper assembly 
and the resulting characteristics of natural as well as synthetic 
protein materials. Finally, the tendency of protein materials to 
change their properties with factors such as hydration states 
and temperature can be either a blessing or a curse depending 
on the intended application, which must be chosen with care. 
These complexities make it challenging to produce synthetic 
functional protein materials that perform at the level of their 
natural blueprints for a given purpose. Nevertheless, researchers 
are making inroads into diffi cult territory with recombinant pro-
teins, in particular with silks. This review discusses proteins 
from three natural fi bers: spider (e.g.  N. clavipes, A. diadematus ) 
dragline silk, lacewing ( Chrysopidae ) egg stalk silk and mussel 
( Mytilus  sp.) byssus ( Figure    1  ) and highlights advances in pro-
ducing novel materials inspired by these remarkable proteins.     
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 2. Silks 

 Silks are generally (but not exclusively) 
understood to be proteins secreted by 
arthropods into fi ne ( ∼ 2–  ∼ 200  μ m) threads 
to fulfi ll numerous purposes including 
prey capture, dispersal, reproduction, 
adhesion, and building cocoons, nests, 
egg sacs and stalks. [  1  ,  2  ]  Biochemically, silks are diverse but do 
have a few defi ning elements. With some exceptions, they are 
large proteins ( > 100 kDa [  3  ] ) that contain long stretches of highly 
repetitive amino acid sequences rich in alanine, serine and/or 
glycine. These sequences usually yield a regular and aligned 
pattern of a dominant secondary structure such as coiled coil 
motifs, crystalline  β -sheet regions or  α -helices (e.g. in honeybee 
silk), which play signifi cant roles in the material properties and 
function of the silk. [  1  ,  2  ,  4  ,  5  ]  As fi bers, silks tend to show high ten-
sile strength for their weight (some even outperforming steel) 
and enough elasticity to yield remarkable toughness. [  5     −     7  ]  Histor-
ically, natural silks have been used for medical purposes such 
as for sutures and wound coverings. [  8  ]   

 2.1.  Bombyx Mori  Silk 

 As a textile fi ber with millennia of cultural history and technical 
uses, silkworm silk (from  B. mori ) is considered  the  paradig-
matic silk. Silkworm silk is well characterized and a noteworthy 
body of scientifi c study has yielded a number of reviews that 
discuss  B. mori  silk structure, [  9  ,  10  ]  material properties [  11  ]  and cat-
alogue its use as a biomaterial, [  12  ,  13  ]  so only a brief overview for 
the sake of comparison to other fi bers is given here. 

 To weave cocoons for metamorphosis,  B. mori  fi fth instar 
larvae secrete silk from a pair of labial glands in their heads. 
The silk emerges as a double thread consisting of the protein 
fi broin with a coating of glue-like glycoproteins called sericin 
that is removed in commercial silk production before pro-
cessing into textiles. Fibroin consists of a 390 kDa heavy chain 
connected via a disulfi de bond to light chain fi broin (25 kDa) 
linked with the purported chaperone P25 (30 kDa) through 
hydrophobic interactions [  14  ]  in a 6:6:1 ratio. [  15  ]  After preproc-
essing of this basic polymer unit in the endoplasmic reticulum 
and the formation of microfi brils in the Golgi apparatus, fi broin 
is secreted and transported in granules into the lumen of the 
silk glands where it is stored in the middle section of the gland 
in gel-like high concentrations (20–30%) [  16  ]  along with sericins. 
Thread assembly proceeds roughly as follows: as silk proteins 
move from the middle to the anterior silk gland, changes in pH 
4467wileyonlinelibrary.com
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and ionic strength of the silk solution occur. Together with the 
removal of water and the shear forces imposed by spinning, the 
units of heavy chain fi broin align, cross-link and polymerize 
into a thread. The stretching action caused by the movement 
of the silkworm’s head further aligns the molecules, strength-
ening the thread. The sericins enveloping each thread, called 
brins, dry more gradually, gluing the two silk brins which 
emerge from the paired labial glands into a single bave and 
allowing adhesion between threads to form a cocoon. [  14  ]  The 
natural processing of silkworm silk contributes signifi cantly to 
the mechanical properties of the threads. As shown in forced 
reeling experiments, the strength, stiffness and extensibility of 
 B. mori  silk can be altered by controlling the speed of thread 
spinning. [  17  ]  However, the amino acid sequence of  B. mori  
heavy chain fi broin is ultimately considered to determine the 
properties of silk. 

 Heavy chain fi broin contains highly repetitive glycine- and 
alanine-rich stretches dominated by the motif GAGAS, which 
in concert with periodically dispersed non-repetitive loop-
forming regions, allow the assembly of anti-parallel  β -sheets. [  7  ]  
(See  Table    2   for a comparison of sequence motifs and the cor-
responding structures of proteins discussed in this review.) The 
anti-parallel  β -sheet crystals in  B. mori  silk are loosely aligned 
parallel to the long axis of the thread and occupy 40–50% of the 
total volume of silk fi bers, while the rest may be a more amor-
phous phase of  β -turns and loops. [  11  ]  The strength of  B. mori  
fi broin arises from the crystalline regions while elasticity is 
ascribed to the more amorphous portions of the silk. [  7  ]  The com-
bination of crystalline and amorphous regions results in a fi ber 
that is relatively stiff (7 GPa) and strong (0.6 GPa) yet extendible 
(18%) and with considerable toughness (70 MJ m  − 3 ). [  11  ]   

 A thread of insoluble spider dragline silk is produced at high 
speed from a highly concentrated aqueous solution under phys-
iological conditions yielding a fi ber with excellent mechanical 
properties. Particularly when considering the large proportion 
of hydrophobic stretches in heavy chain fi broin, this produc-
tion is an astounding feat. Thus, the question arises: how does 
fi broin remain soluble in the lumen of the silk gland until it is 
ready to be spun? Some convincing evidence has been provided 
in the form of clustered acidic residues in the amino-terminal 
domain of heavy chain silk fi broin which provide charge repul-
sion at neutral pH, preventing aggregation. Charge repulsion 
is reduced with acidifi cation as silk proteins move along from 
the middle to the anterior silk gland, allowing the formation 
of micelles where increasing hydrophobic interactions and the 
formation of  β -sheet structures can occur. [  18  ]  Other researchers 
reason that the hydrophobic regions of heavy chain silk fi broin 
are too large in comparison to charged or hydrophilic regions 
to remain stable in solution without the aid of auxiliary pro-
teins. While the amino-terminal domain may help trigger 
assembly, the ability of the fi broin complex to stay hydrated 
and avoid aggregation in the lumen of the posterior silk gland 
may likely be due to its association with light chain fi broin and 
the action of glycosylated P25, which stabilizes and enhances 
hydration of the fi broin complex so that the charged residues of 
its highly conserved termini and the hydrophilic regions of the 
molecules are exposed to water. [  19  ]  A further argument for the 
importance of the heavy and light chain fi broin complex with 
P25 is that this structure has been retained in the evolution of 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
Lepidoptera, the order of moths and insects that includes the 
silkworm, for over 150 million years. [  20  ]  In this context, P25 
might be considered a critical matrix component of silkworm 
silk fi bers ( Table    3  ).    

 2.2. Spider Silk 

 Orb web weaving spiders, such as  Nephila clavipes  or  Aranaeus 
diadematus  can produce several different types of silk, up to fi ve 
of which may be found in their webs. [  21  ]  Dragline silk, used as 
an ever-ready lifeline and to construct the frame and spokes 
of the spider’s web, has garnered the most interest among 
biochemists and material scientists. Dragline silk is an unu-
sually tough (see Table  1 ) yet lightweight material that shows 
slow biodegradation and low immune response, making it an 
attractive choice for many applications, particularly in the fi eld 
of medicine. [  22  ]  The body of research on spider silk is large. 
Several reviews summarize the biology, [  23  ,  24  ]  structure [  25  ,  26  ]  and 
mechanical properties [  11  ]  of dragline silk. Reviews highlighting 
the use of spider-silk inspired materials [  21  ,  27  ,  28  ]  also exist. Here, 
we will highlight relevant facts regarding dragline silk struc-
ture, mechanics and assembly as useful for comparison to egg 
stalk silk and mussel byssus. 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4467–4482
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   Table  1.     Overview of Selected Fibrous Proteins. 

Protein Fiber Dominant Secondary Struc-

ture/ cross-links 

Defi ning mechanical 

properties 

Selected values for mechanical properties a)  

Young’s modulus

 [MPa]

Strength

 [MPa]

Extensibility

 [%]

Toughness

 [MJ m  − 3 ]

Resilience

 [%]

 Elastomeric 

Elastin [  167  ,  108  ] Disordered/ desmosine, 

iso-desmosine

Rubber-like elasticity, high 

resilience, high durability

1.2 [  153  ] 0.2 150 1.6 90

Resilin [  167  ,  108  ] Disordered/ di- and 

tri-tyrosine

Rubber-like elasticity, 

very high resilience, high 

durability

0.0025 b)  [  154  ] 

2 c)  [  167  ] 

0.007

4

300

190

——–

4

97

92

Abuctin (Bivalvia) [  157  ] Disordered/ unknown Rubber-like elasticity, high 

durability

4.7 [  158  ] 1–2 [  159  ] 100–200 8–18 82–97 [  160  ] 

Flagelliform silk ( A. 

diadematus ) [  11  ,  161  ] 

Disordered/ unknown, 

possibly hydrogen bonds, 

hydrophobic interactions

Extensibility, low-stiffness, 

high toughness, low 

resilience

3 [  11  ] 500 270 150 35 [  167  ] 

  β -Crystalline silks 

 Bombyx mori  cocoon [  11  ] Amorphous,  ∼ 50% loosely 

aligned  β -sheets/  β -sheets

High tensile strength and 

toughness

7000 [  11  ] 600 18 70 29 [  162  ] 

Spider dragline 

(e.g.  N. clavipes, A. 

diadematus ) [  11  ] 

Amorphous,  ∼  11–15% ( N. 

clavipes )  ∼ 35% [  36  ]   β -sheet 

content ( A. diadematus )/ 

well-aligned  β -crystallites

High tensile strength and 

very high toughness

10 000 [  11  ] 1100 m)  [  11  ] 

1256 n)  [  36  ] 

30 m)  [  11  ] 

27 n)  [  36  ] 

160 [  11  ] 35%

Lacewing egg stalk (e.g. 

 M. signata, C. fl ava ) [  71  ] 

Accordion pleated stacks 

(cross  β -sheet)/ disulfi de 

links

Flexural rigidity, high 

extension

5800 d) 

1300 e) 

68, f)  70 g) 

42, f)  232 g) 

3

434

1

110

——–

  α -Helical coiled coil silks 

 Vespoidea  (ants) [  163  ] Tightly packed coiled coils/ 

unknown

Extensibility ——– ——– 109 [  163  ] ——– ——–

 Apoidea  (hornets, bees, 

wasps) [  163  ] 

Tightly packed coiled coils, 

 β -sheets/ evidence of oxida-

tive cross-linking

Intermediate strength and 

high extensibility (drawn); 

stiff, brittle (spun)

——– 132 [  163  ] 204 ——– ——–

 Collagens 

Collagen I (e.g. rat tail 

tendon) [  164–167  ] 

Triple helix/ intra-chain 

hydrogen bonding, inter-helix 

lysine cross-links

Relatively stiff and strong 

highly resilient elastomer

1200 [  167  ] 2 13 1.6 90

Mussel byssus 

( Mytilus ) [  167  ,  108  ] 

Triple helix/ likely as in 

collagen, includes sacrifi cial 

metal-ligand cross-links [  94  ] 

Tough elastomer, recovery 

after yield

870 c,h)  [  167  ]  

1900 d,h)  [  108  ] 

16 i)  [  167  ] 

75 c,h)  [  167  ] 

300 d,h)  [ 108]

35 i) 

109 c,h)  [  167  ] 

40 d,h)  [  108  ] 

200 i) 

45 c,h)  [  167  ] 

80 d,h)  [  108  ] 

35 i) 

28 h) 

53 i) 

 Keratins 

 α -keratin (dry human 

hair) [  168  ] 

  α  -helical coiled-coils/ disul-

fi de bonds

Relatively stiff and strong, 

recovery after load-induced 

 α -helix to  β -sheet transition

3051 [  169  ] 211 532 ——– ——–

 β -keratin (dry feather 

rachis) [  170  ] 

 β -sheets/ disulfi de bonds Hardness, rigidity 2500 j)  [  171  ] 130 [  172  ] 10.4 000531 k)  [  173  ] 

0.01514 l) 

——–

    a) Values are taken from the fi rst referenced value in a row or from the reference immediately preceding;  b) recombinant protein;  c) natural protein;  d) measured in air; 
 e) measured in water;  f) engineered stress at break;  g) true stress at break;      h) distal thread;  i) proximal;  j) fl exural stiffness;  k) longitudinal fracture toughness;  l) transverse fracture 
toughness;  m)  N. clavipes  thread cut from webs;  n)  A. diadematus  threads forced silked at 200 mm/s. fi bers highlighted in yellow are discussed in this work.   
 Spider dragline silk is produced by a pair of major ampul-
late glands in the spider’s abdomen and spun through spin-
nerets into a solid thread, often as a double threaded bave as in 
 B. mori . [  21  ,  29  ,  30  ]  The major ampullate gland is subdivided into 
4 regions: the tail, lumen, spinning duct and spigot. Dragline 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 4467–4482
silk proteins are produced in columnar epithelial cells in the 
posterior sections of the gland and secreted into the lumen 
where they are stored in gel-like high concentration (up to 
50% w/v). [  31  ]  During spinning, the proteins move into the 
spinning duct, which is further divided into three “limbs” of 
4469wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  1 .     a) The golden orb weaver ( Nephila edulis ) and b) its web. The frame and radii of the web are made of spider dragline silk, an unusually 
tough and strong yet lightweight fi ber. c) Green lacewings ( Chrysopa carnea ) and d) an egg suspended from a silken egg stalk that shows remarkable 
bending strength. e) The blue mussel ( Mytilus galloprovincialis ) and f) its byssus, a tangle of collagenous threads, each a tough tether with self-healing 
properties. Scale bars are approximately 50 mm.  
its S-shaped curvature. In the fi rst limb, an exchange of chao-
tropic (PO 4  2 −  ) for kosmotropic (Na  +  , Cl  −  ) ions commences, 
and the silk dope molecules align parallel to each other and 
perpendicular to the epithelium of the duct. [  6  ,  31  ]  Further move-
ment into the second limb causes a reorientation of the mole-
cules which elongate and stack parallel to the epithelium. At 
this point, a transition in secondary structure takes place from 
disordered and polyproline-II helix conformations to primarily 
 β -sheet structures, a process aided by the slight acidifi cation of 
the silk dope which neutralizes charge repulsion and promotes 
hydrophobic interactions. [  6  ,  32–35  ]  In the third limb of the duct, 
the progressively more viscous solution solidifi es, water is 
removed and a draw down taper is formed. Rapid extensional 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

   Table  2.     Repetitive sequence motifs of selected proteins and their correspo

Protein Repetitive sequence motifs Secondary structu

 B. mori  Fibroin [  9  ]  GAGAS Anti-parallel  β -she

MaSp1 [  174  ]  A 

GG X
Anti-parallel  β -she

MaSp2 [  21 , 175  ,  176  ]  A  n   GPG XX Anti-parallel  β -sheets, Elast

MalXB1 [  5  ] X S X A X A XXX SAGASS X 

XXX S X A XXXX ASGSS X
Anti-parallel  β -stacks in 8 re

MalXB2 [  5  ] X S X A X A X KGSA X A X S X Anti-parallel  β -stacks in 8 re

PreColD fl anks [  92  ,  93  ] N terminal: 

 A  

 GG X 

C terminal: 

 A  

 GG X 

 GPG XX

Likely anti-parallel  β -sheets, poss
fl ow further aligns the silk molecules and residual water is 
removed as the thread is pulled through the constricting lips 
of the spigot. [  6  ,  7  ]  

 As with  B. mori  silk, processing affects the mechanical 
properties of spider dragline silk. In forced silking experi-
ments, higher reeling speeds led to higher modulus and tensile 
strength and lower elongation, presumably due to greater align-
ment of silk molecules. [  36–39  ]  In the case of naturally spun dra-
gline silk, there is considerable variability in mechanical prop-
erties both within a species and between threads from a single 
individual. In light of this fact, it is possible that spiders are able 
to tune the mechanical properties of their silk to fi t a specifi c 
purpose. [  37  ]  They certainly can regulate the rate of spinning, as 
mbH & Co. KGaA, Weinheim

nding structures. The underlined residues are absolutely conserved. 

re Selected higher-order structures

ets  β -sheet nanocrystals loosely aligned along thread axis

ets  β -sheet crystallites well aligned with thread axis

in-like turns  β -sheet crystallites, possibly disordered (elastin-like)

sidue register Rows of cross  β -stacks with  β -sheets perpendicular to thread 

axis

sidue register Rows of cross  β -stacks with  β -sheets perpendicular to thread 

axis

ibly others as well  β -sheet crystallites aligned with thread axis

Adv. Funct. Mater. 2013, 23, 4467–4482
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   Table  3.     Matrix components of selected protein fi bers. 

Protein Fiber Matrix Protein Comments

 Bombyx mori  

cocoon silk

P25 Aids in stabilizing the heavy and light fi broin 

chain complex, prevents aggregation in silk-

worm gland, may assist assembly [  18–20  ] 

Spider dragline silk None known The role of MaSp1s in  C. moluccensis  dragline 

silk is under investigation. [  44  ,  45  ] 

Lacewing egg stalk None known Egg stalk dope from  C. carnea  contains more 

than the two proteins described from  Mal-

lada signata , [  70  ]  some of which may function 

as matrix proteins

Mussel byssus PTMP1 Binds strongly to collagen and causes a loss 

of ordered structure in collagen fi brils, may 

have an effect on the mechanical properties 

of proximal thread [  96  ,  97  ] 

TMP May separate and/or lubricate preCol fi brils 

or aid in thread maturation [  95  ] 
they possess muscular control of their spinnerets and also use 
this as well as their legs as a friction brake to change the speed 
of spinning. [  40  ,  41  ]  

 With the exception of a thin cuticle, spider dragline silk is 
composed almost entirely of two proteins called spidroins (a 
portmanteau of spider and fi broin). The major ampullate spi-
droins 1 and 2 (MaSp1 and 2) are classifi ed according to their 
sequences and differ mainly in proline content. [  42  ]  Spidroins 
contain around 100 tandem repeats that account for over 90% of 
their sequences. Within these repetitive domains, both MaSp1 
and 2 contain polyalanine stretches that have been shown by a 
variety of methods to form intramolecular anti-parallel  β -sheets 
as strong cross-linking elements. [  7  ,  21  ]  MaSp1 also contains GGX 
motifs whose structure is unclear, while Masp2 is also charac-
terized by GPGXX motifs that, on the basis of sequence simi-
larities and NMR evidence, are considered to form elastin-like 
 β -turns [  21  ,  43  ]  (see Table  2 ). Flanking the repetitive cores of MaSp 
1 and 2 are non-repetitive domains that are highly conserved 
and crucial for the storage and assembly of the proteins, [  3  ,  21  ]  
although, as with  B. mori  silk, the terminal domains alone may 
not be suffi cient for this purpose. Very little is known about 
other proteins in spider dragline silk and the roles they may 
play in the formation of threads. The presence of hitherto uni-
dentifi ed proteins has been confi rmed in the outer layers of dra-
gline threads, [  44  ]  but no known matrix proteins have been found 
(Table  3 ). Recently, a novel, quite short (only 1320 bp) MaSp1 
gene (called MaSP1s) was identifi ed in  Cyrtophora moluccensis  
that contains the sequences for the conserved N and C termini of 
other MaSp1 proteins but only a short repetitive core domain. [  45  ]  
It is surmised that, given the known role of the amino and car-
boxy termini in storage and assembly of spidroins, and the fact 
that MaSp1s is so short and occurs in relatively low abundance, 
would not likely contribute to the mechanical properties of dra-
gline silk. Rather, it is conceivable that MaSp1s could function 
much the same way as P25 in  B. mori  silk. However, much 
experimental evidence remains to be gathered before any con-
clusions may be drawn about the function of MaSP1s. 
© 2013 WILEY-VCH Verlag GmbAdv. Funct. Mater. 2013, 23, 4467–4482
 Like  B. mori  silk, spider dragline silk can be considered a 
composite material of crystalline  β -sheet regions embedded in 
an amorphous matrix (see  Figure    2  ), but the degree of crystal-
linity differs at 40–55% for  B. mori  vs. 11–30% for  N. clavipes  
spider dragline silk [  7  ,  46  ]  and 34–35% for  A. diadematus.  [  36  ]  
Moreover,  β -sheet crystallites are more aligned along the thread 
axis in spider silk. It is also worth mentioning that there are 
differences between the hierarchical structure of  B. mori  and 
spider dragline silks. Both threads are composed of bundles of 
nano- and micro-fi brils but in spider dragline silk the bundles 
are embedded in the center of a core/shell structure, [  47  ]  with 
the shell being composed of glycosylated proteins, lipids, silk 
and possibly other proteins. [  44  ]  Also in contrast to  B. mori  silk, 
spider silk lacks the sericin coating which can cause an adverse 
immune response. [  29  ]  For this reason alone, dragline silk is 
attractive as a biomaterial, but its mechanical properties are 
also of great interest ( Figure    3  ).   

 The molecular structure and hierarchical composition of 
spider silk results in excellent mechanical properties. [  48  ]  Spider 
dragline outperforms  B. mori  silk in tensile strength (1.1 GPa 
vs. 0.6 GPa), thus, it is the strongest non-mineralized biological 
material currently known. [  11  ]  It is also more extensible (30% vs. 
18%) and over twice as tough (160 MJ m  − 3  vs. 70  MJ m  − 3 ), 
making it one of the toughest fi brous materials surpassing 
nylon, rubber, Kevlar 49, and carbon fi bers. [  7  ,  11  ,  12  ]  Spider dra-
gline silk is also among the stiffest (Young’s modulus: 10 GPa) 
known natural proteinaceous materials. 

 Although the tensile properties of dragline silk are impres-
sive, its non-linear, viscoelastic behavior also sets it apart, 
showing how it is perfectly adapted for its role in aerial webs. 
The mechanical integrity of a spider’s web is determined by 
the frame and radii made of major ampullate silk, whereas the 
viscid silk spiral threads play non-structural roles in prey cap-
ture. [  49  ,  50  ]  At low strains that might be caused, for example, by 
light breezes, frame and radii threads perform elastically. When 
an insect fl ies into a web, the frame and radii absorb the kinetic 
energy of the impact through internal dissipation through heat, 
the breakage of bonds, or increases in entropy rather than 
storing energy as elastic deformation. The latter would lead to 
high recoil forces that would make a web more of a trampoline 
than a trap. [  11  ,  50  ]  Thus, major ampullate silk shows a large hys-
teresis of approximately 65% ( Araneus ). [  51  ]  To prevent uncon-
trolled oscillations set off by impacts, these silks also exhibit 
material damping of 40–50% at high strain under repeated 
loading, a feature that major ampullate silks of varied species 
has in common. [  50  ]  As is typical of viscoelastic materials, the 
rate of loading is critical to the mechanical response of spider 
silk. Young’s modulus, strength, extensibility and toughness 
all increase as strain rate increases. [  11  ,  52  ]  As a material meant 
to absorb impact energy on short time scales, it is no wonder 
that the material properties of frame and radii threads are opti-
mized for higher strain rates. 

 Dragline silk is also optimized to take advantage of changes 
in humidity and wetting such as when it rains or during 
dewfall. When wetted or exposed to humidity above 60%, water 
interpenetrates dragline silk and disrupts hydrogen bonds, 
allowing a rearrangement of peptide chains to confi gurations 
of higher entropy. [  53  ]  This process is termed supercontraction, 
as it causes dramatic shrinkage (up to 50%) [  54  ]  of unattached 
4471wileyonlinelibrary.comH & Co. KGaA, Weinheim
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     Figure  2 .     The dominant secondary structures in three proteinaceous threads a)  β -sheet crystallites (blue with red hydrogen bonds) embedded in an 
amorphous matrix (blue squiggly lines) in the core of spider dragline silk. b) The cross  β  structure (blue with red hydrogen bonds) of the dominant 
proteins in lacewing egg stalk silk. c) Collagen fi bers (yellow) with  β -sheet containing fl anks (blue) and sacrifi cial histidine bonds (black dots) in the 
core of distal mussel byssus. d) A comparison of the bending stiffness of spider dragline and lacewing egg stalk. The stiffness of lacewing egg stalk 
is nearly 3 times that of spider dragline. [  5  ]  For clarity, structures are simplifi ed, not drawn to scale and only structures in the foreground are in color.  
threads and changes their material properties to rubber-like as 
long as they are wet. [  36  ,  55  ]  Threads under tension, as found in 
webs, show less change in material properties but develop con-
siderable stress. It is thus supposed that supercontraction is a 
mechanism by which silks maintain tension in webs. [  56–58  ]    

 2.3. Lacewing Egg Stalk Silk 

 Lacewings are insects that belong to the family  Chrysopidae . 
Their larvae are voracious predators of many common agri-
cultural pests including aphids and members of Lepidoptera. 
When laying its eggs, the female lacewing secretes a drop of 
concentrated silk dope from its colleterial glands onto a sub-
strate (usually on the underside of a leaf) and then pulls its 
abdomen away, trailing a thin (15–20  μ m) and short (ca. 1 cm) 
wileyonlinelibrary.com © 2013 WILEY-VCH Verla
thread upon which an egg rests (Figure  1 c,d). After waiting 
a moment, the egg is fully released and it is perched atop a 
silken pedicel (egg stalk) of unusual bending stiffness, (See 
Figure  2 ), which functions to protect eggs from predators and 
cannibalism. [  5  ,  59  ,  60  ]  

 There are no studies on the natural production and assembly 
of egg stalk dope that compare in scope and detail to those of 
spider or silkworm silk. What little is known can be summed 
up as follows: Colleterial glands, also known as accessory genital 
glands, are part of the female adult lacewing reproductive tract. 
They can be conspicuously large, and morphologically distinct 
parts are evident. The main portion is delicate and sac-like, with 
fi nger or ribbon-like accessory glands trailing off distally. [  61  ]  The 
gland contains columnar secretory cells, the luminal surface 
of which is convoluted, forming “microvilli” known as the end 
apparatus. While this has not been shown for lacewings, in other 
g GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4467–4482
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     Figure  3 .     a) A comparison of stress strain curves of spider dragline silk, hydrated lacewing egg 
stalk silk and mussel byssus both proximal and distal thread. Spider dragline shows extreme 
strength compared to the other fi bers whereas hydrated lacewing egg stalk shows extreme 
extension. Curves sketched after Gosline et al. 2002 [  167  ]  and Bauer et al. 2012 [  71  ]  to show rela-
tive differences in tensile properties. b) Spider dragline silk ( Araneus diadematus ). The two 
brins are clearly visible. c) lacewing egg stalk silk after tensile testing beyond the yield point. 
A change in the morphology of the thread (necking) is evident. d) Proximal byssal thread with 
cuticle partially removed, the wavy structure may be caused by softening of collagen fi brils by 
the matrix protein PTMP1. e) Distal byssal thread with cuticle partially removed, the striated 
tightly packed and aligned fi brils are clear.  
insects, structural proteins pass through the end apparatus and 
aggregate into large globules in the colleterial gland lumen. [  62  ,  63  ]  
Attached to the main chamber of the gland is a rounded pouch, 
which may serve as a reservoir for storage and release of egg 
stalk proteins. [  64  ]  A narrow duct connects the reservoir to the 
gonapophyses from which the silk dope is deposited during the 
process of oviposition. When the lacewing secretes a droplet of 
soluble [  62  ]  viscous silk dope onto a surface, the thread drawn 
from the dope solidifi es within seconds; presumably there is a 
change in secondary structure of the proteins induced by shear 
forces during drawing which alters the solubility of the proteins 
and aligns the molecules into a characteristic cross- β  structure 
(Figure  2 ). The simplicity of thread formation in lacewings is 
in stark contrast to the complex spinning process of spider and 
silkworm silk, making biomimetic processing of recombinant 
egg stalk proteins relatively easy. [  71  ]  

 Although fi rst investigations into egg stalk structure [  59  ]  and 
composition [  65  ]  date back to the 1950’s, research on the silk of 
Chrysopidae has not kept pace with that of spider or silkworm 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2013, 23, 4467–4482
silk. The research group of Tara Sutherland 
has picked up where these fi rst studies left 
off, analyzing the stalks of the Australian 
lacewing  Mallada signata . They identifi ed 
two proteins, which they dubbed MalXB1 
(109 kDa) and MalXB2 (67 kDa). Evidence 
from the contents of  M. signata  colleterial 
glands, cDNA libraries, and the amino acid 
composition of the egg stalks from a related 
species ( Chrysopa fl ava ) indicate that MalXB1 
and MalXB2 are likely present in the stalks 
in a 7:1 ratio. [  5  ,  66  ]  Both proteins are over 70% 
repetitive with non-repetitive amino and 
carboxy termini. MalXB1 also has one non-
repetitive intervening sequence. The core 
regions of the proteins consist entirely of 
16-residue repeats; around half of the amino 
acids in the recurring sequences are abso-
lutely conserved [  5  ]  (see Table  2 ). The tandem 
repeats of MalXB1 are serine-, alanine- and 
glycine-rich and interspersed with threonine 
and charged residues at regular intervals. 
The repetitive region of MalXB1 shows a 
similar amino acid composition and pattern 
but also exhibits a lysine-containing KGSA 
motif that is 88% conserved, as well as high 
amounts of valine and asparagine residues. [  5  ]  

 Despite documented similarities in 
amino acid composition, egg stalk struc-
ture and mechanical properties, it is safe 
to say that virtually nothing is known about 
interspecies diversity in egg stalk proteins. 
While the Sutherland group has identifi ed 
two proteins from cDNA libraries of colle-
terial silk glands, [  5  ]  SDS-PAGE shows that 
the silk dope of  Chrysopa carnea  contains 
fi ve abundant proteins, and FTIR spectra of 
stalks suggest that one of them may contain 
poly-alanine motifs. [  70  ]  However, the iden-
tity, sequence, structure and function of the 
proteins in  C. carnea  silk dope have not yet been determined 
(Table  3 ). 

 The fi rst investigations of the structure of lacewing egg 
stalks by X-ray diffraction revealed that  C. fl ava  stalks possess 
an unusual silk structure, called “cross- β ,” which had at that 
time in the 1950s not been known to exist naturally in protein 
materials.  β -pleated sheets are oriented with the  β -sheet back-
bone perpendicular to the main fi ber axis rather than parallel 
as with  B. mori  or spider dragline silk. [  59  ]  (see Figure  2 ). Rare 
in functional proteins, cross- β  structure is well-known from 
amyloid proteins which can cause neurodegenerative diseases 
such as Alzheimer’s, Parkinson’s and spongiform encepha-
lopathies. [  67  ]  Both a model from the 1960s [  68  ]  to explain the 
X-ray diffraction evidence of egg stalk silk and a more recent 
study [  5  ]  strongly suggest that the protein chains fold back on 
themselves in eight residue register into long strands of accor-
dion-like pleats connected by hairpin  β -turns. The stabilizing 
force behind the cross- β  structure derives from interactions 
between amino acid side chains of neighboring  β -sheets 
4473wileyonlinelibrary.comheim
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 which protrude alternately on the upper and lower face of the 

 β -sheet. [  69  ]  In MalXB1 and 2, the amino acid side chains make 
one face of the  β -sheet more hydrophilic than the other. [  5  ]  
This may facilitate folding of the accordion pleated structure. 
On the edges of the  β -sheet stacks there are charged residues 
which may help the proteins align end to end. Additionally, 
MalXB1 contains seven and MalXB1 fi ve cysteine residues. It 
is conjectured that these form cross-links that further stabilize 
the structure and enhance the rapid hardening and lateral stiff-
ness of egg stalk silk. [  5  ,  70  ,  71  ]  

 Atomic force microscopy measurements indicate that 
 M. signata  egg stalks exhibit high fl exural rigidity with a 
bending modulus calculated to be nearly 3 times greater than 
that of silkworm fi bers. [  5  ]  (see Figure  2 ) This property makes 
egg stalk silk an interesting candidate for materials that per-
form well under lateral loads. In contrast, tensile testing parallel 
to the main axis of the fi ber reveals stress-strain curves with 
an initial elastic region showing a pronounced low-strain yield 
point, followed by a large region of plastic deformation before 
fi nal stiffening and fracture. [  71  ,  72  ]  The tensile behavior of egg 
stalk silk is highly dependent upon water content (Figure  3 ). 
At 30% humidity, the silk ruptures at low extensions (ca 3%), is 
stiffer (5.8 GPa), and exhibits little or no yield. At high humidity 
(100%), Young’s modulus decreases to 1.3 GPa, the yield point 
takes place at lower stresses and a large plastic deformation 
of the fi bers allows the material to reach 500% extension or 
more. [  5  ,  71  ]  Stress at break, better measured as real stress rather 
than engineered stress due to reduced cross-sectional area from 
necking, increases from 70 MPa to 232 MPa. Correspondingly, 
toughness increases dramatically from 1 MJ m  − 3  at 30% relative 
humidity to 110 MJ m  − 3  at 100% relative humidity. [  71  ]  

 A molecular model has been proposed to explain the per-
formance of egg stalk silk under tensile testing, in particular 
its remarkable extension and dependence upon humidity. At 
low humidity, the threads are more crystalline, [  72  ]  stiffer and 
brittle. [  71  ]  Failure may occur at cysteine cross-links which are 
weaker than the sum of the many hydrogen bonds between 
 β -sheets. At higher humidity, water competes with hydrogen 
bonding between  β -sheets, weakening the cohesion of the 
cross- β  structure so that the stacked  β -strands can unfold and 
fl atten against one another, [  71  ]  undergoing a non-reversible 
molecular rearrangement of the protein chains from cross- β  to 
parallel- β . The transformation at the molecular level is also evi-
dent in the morphology of the thread (see Figure  3 ). When the 
peptide chains have unfolded, the thread begins to stiffen, and 
the peptide bonds become load bearing until fi nal rupture. [  59  ,  71  ]  
There have been no attempts to assign biological relevance 
to the extreme extension of egg stalk silk; it may simply be a 
result of the cross- β  structure of egg stalk proteins which pro-
vides lateral stiffness to threads rather longitudinal strength.    

 3. Collagens  

 3.1. Collagen in General 

 Collagens represent the most abundant class of animal pro-
teins; they form the basis of load-bearing tissues such as tendon 
and bone and are the principle component of the extracellular 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag 
matrix where their function is chiefl y mechanical: to provide 
support and impart strength and elasticity. [  73  ]  The subject of 
collagen is complex. Collagens are often found in composites 
such as in connective tissues with elastin and proteoglycans 
or in bone with hydroxyapatite, where the mechanical proper-
ties of the fi bers differ depending upon the other substances 
in the composite. [  74  ,  75  ]  Collagenous tissues also have an elabo-
rate hierarchical structure and perform differently at different 
levels of scale. [  76  ]  On the molecular level, the defi ning motif of 
collagen is the triplet repeat of GXY where X is often proline 
and Y 4-hydroxyproline. The combination of sterically small 
glycines at every third position and the presence of imino 
acids with constrained bond angles causes the collagen pep-
tides (called alpha chains) to wind into left-handed polyproline 
type-II coils, three of which assemble into tightly packed right-
handed triple helices staggered by one amino acid residue with 
glycine residues pointing inward. [  77  ]  Collagens may often inte-
grate multiple functional domains containing globular or other 
structures. An unusual example of this type of multi-domain 
collagen is found in mussel byssus.   

 3.2. Mussel Byssus 

 The byssus of marine mussels such as  Mytilus galloprovincialis , 
 M. edulis  or  M. californianis  is a bundle of dozens of tough yet 
elastic attachment threads for fi rm anchorage in tidal environ-
ments. Each thread is around 2–3 cm long and 100–200  μ m 
in diameter and emerges on one end from a stem in the mus-
sel’s tissue and terminates on the other end in an adhesive pad 
or “plaque” that glues the thread to its point of attachment. 
Byssus, which is completely acellular, is remarkable for its 
enduring mechanical integrity in the face of a variety of stresses 
including cyclic mechanical loading, periodic drying and wet-
ting and exposure to sun and seawater. [  78  ,  79  ]  

 The production of byssal proteins and the assembly of 
threads have been studied since the 1950s [  80  ]  although many 
aspects of byssogenesis still remain to be explained. The site 
of byssogenesis is the mussel foot, a muscular, tongue-like 
organ that contains several different glands: the stem, collagen, 
phenol, accessory and mucous glands. [  81  ]  As their names sug-
gest, certain glands are associated with particular byssal pre-
cursors, although little defi nitive evidence for localizing the 
production of specifi c proteins to specifi c glands exists. The 
byssus gland is considered responsible for forming rings which 
attach each thread to the byssal stem that extends into living 
tissue and back to the byssal retractor mussels which pull the 
whole byssal apparatus taut. The collagen glands likely produce 
the collagenous material of the core of byssal threads while it 
is probable that phenol glands produce 3,4-diphydroxyphe-
nylalanine (DOPA)-rich cuticle and adhesive proteins (up to 
30 mol%) [  82  ] ) that form the plaque. The accessory glands may 
be responsible for the production of catecholoxidases and 
o-diphenol precursors, whereas the mucus glands seem to 
secrete acidic glycosaminoglycans and glycoproteins to perhaps 
either coat the threads, prepare surfaces or aid in the release 
of fully formed threads. [  81  ,  83  ]  There is clear evidence that at 
least some byssal proteins are stored in high concentrated, 
well-ordered states in secretory granules. [  79  ,  84–86  ]  There is also 
evidence that the collagenous proteins are present as smectic 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4467–4482
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polymer liquid crystals in the secretory granules before they are 
released for byssal formation. [  87  ]  

 In an elegantly orchestrated process that is completed in a 
matter of minutes, a mussel begins making a thread by fi rst 
feeling along surfaces with its foot to fi nd an appropriate sub-
strate for adhesion. It likely cleans the surface to remove fi lms 
that would impede adhesion. The mussel then presses its foot 
against the surface and seals the edges of the distal groove (the 
site of thread secretion) [  81  ]  presumably creating a microenviron-
ment differing in pH and ionic strength to that of seawater, thus 
allowing proper adhesion of the plaque, as well as assembly of 
the thread. [  88  ]  In what has been described as a method similar 
to polymer injection molding, plaque proteins are secreted 
into the distal depression of the foot while the thread may be 
formed in a process like extrusion molding [  81  ]  or reaction injec-
tion molding [  89  ]  with muscular or ciliated action to massage the 
thread into form. [  81  ]  The thread is held in the distal groove for a 
few minutes while presumably cross-links are formed although 
the nature of cross-linking in byssal threads is still unclear. [  90  ]  
Once protein assembly is complete, the plaque and thread are 
released and the mussel foot retracts quickly, possibly drawing 
the thread to further align byssal components, [  83  ]  however, 
researchers are not in agreement on this point. [  81  ]  

 Byssus is a complex and highly ordered composite material 
composed primarily of proteins (about 95% of dry weight), [  78  ]  
the most abundant of which are the so-called preCols D, P 
and NG. The concentrations of preCol-D and P form what is 
roughly a cross-gradient with PreCol-D at its highest concentra-
tion in the distal end tapering off into the proximal end, while 
preCol-P reaches its maximal concentration in the proximal 
end and tapers off toward the middle. PreCol-NG is uniformly 
distributed along the thread. It is surmised that this protein 
gradient is responsible for the mechanical gradient of byssal 
threads, which exhibit a smooth transition from elastic at the 
proximal end to stiff at the distal end. [  91  ]  

 All preCols show similar protein domain structure. A triple-
helical collagen core is fl anked on either end by stretches that 
show sequence homologies to silk (preCol-D), elastin (preCol-P) 
and polyglycine peptides/amorphous silk (preCol-NG). Capping 
these fl anks are histidine and dihydroxyphenylalanine (DOPA) 
enriched sequences that are capable of metal complexation. [  79  ]  
Recent studies using X-ray diffraction, FT-IR spectroscopy and 
NMR spectroscopy [  92–94  ]  confi rm several predictions of byssal 
protein secondary structure based on sequence homologies. 
As in fi ber forming collagens, the central domains of preCols 
form triple helical strands. These strands are aligned along the 
thread axis. [  92  ,  93  ]  PreCol-D fl anks, which contain polyalanine 
stretches and GGX motifs homologous to the  β -sheet forming 
and amorphous regions of MaSp1 in spider silk, form anti-
parallel  β -sheet structures aligned parallel to the longitudinal 
axis. [  92  ]  While evidence for the secondary structure of preCol-P 
fl anks remains inconclusive, it has been shown that preCol-NG 
fl anks contain parallel  β -sheets, although their orientation with 
respect to the whole thread is unknown. [  93  ]  There is also evi-
dence of  α -helical content in proximal byssal thread. [  92  ]  

 Of the proteinaceous material in byssus, the preCols consti-
tute nearly 90% of the distal thread and around 70% of prox-
imal thread. [  78  ]  The remaining protein material includes at least 
two interesting matrix proteins, the importance of which may 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 4467–4482
be illustrated by fi bers drawn from purifi ed PreCols which dif-
fered signifi cantly to natural threads in size and mechanical 
characteristics. [  79  ,  95  ,  96  ]  The fi rst, thread matrix protein (TMP), 
is glycine-, tyrosine- and asparagine-rich, repetitive and dis-
tributed evenly along the thread. TMP is present in several 
variants, the diversity of which may be due to alternative gene 
splicing, multiple gene copies, hydroxylation or the tendency 
of the TMPs toward spontaneous deamidation. The precise 
function of TMP is not known but TMP may act as a lubricant 
or spacer between preCol fi brils (as supported by signifi cant 
charge repulsion resulting from deamidation of asparagine res-
idues that form iso-aspartate). Or, TMPs may aid in maturation 
of threads as deamidation occurs rapidly as pH changes from 5 
in the secretory granules to 8 in seawater. [  96  ]  

 A second matrix protein, proximal thread matrix protein 
(PTMP1), is a glycine-rich, glycosylated 50 kDa protein that is 
found at highest concentration in the proximal region of the 
thread. [  97  ]  Recent research in our lab aims to clarify the roles 
of matrix components in determining the properties of pro-
tein fi bers (Table  3 ). In an attempt to shed some light on byssal 
matrix proteins, the crystal structure of PTMP1 from  M. gallo-
provincialis  was solved, showing a novel two-domain structure 
containing Willebrand factor type A-like domains connected by a 
highly rigid linker stabilized by a  β -sheet hydrogen pattern, three 
disulfi de bonds and presumably at least one complexed zinc ion 
(paper submitted). The collagen binding capacity and the effects 
of PTMP1 on collagen were studied in vitro, revealing a high 
binding affi nity as shown in enzyme-linked immunosorbent 
assay-like experiments in agreement with another study [  97  ]  and 
surface plasmon resonance (paper submitted). PTMP1 had 
drastic effects on the assembly of collagen in solution. Rather 
than the straight, well-aligned and packed fi brils of collagen in 
control samples, collagen assembled in the presence of PTMP1 
is loosely packed, less oriented and wavy (paper submitted). 
PTMP1 may have an impact on not only the morphology of 
collagen fi brils in the proximal portion of byssus, but also on 
the mechanical properties. It is conceivable that it acts to soften 
the structure of the collagen, reducing modulus and increasing 
extendibility by physically crimping the fi brils. Given the high 
binding affi nity of the protein, it may also act as a linker that 
prevents slippage between softened fi brils, thus contributing to 
the strain-induced stiffening of proximal byssus. [  97  ]  Beyond such 
speculation, a matrix protein capable of adjusting the assembly 
and mechanics of collagen has a wealth of potential applications 
in biomaterials research such as in tuning the properties of col-
lagen-based gradient materials inspired by the mussel byssus. [  98  ]  

 Another feature of byssus that bears mentioning is its cuticle 
composed entirely of a DOPA-rich protein, mussel foot protein 
1 (mpf-1) that is 4–5 times stiffer and harder than the byssal 
core yet fl exible enough to reach strains of 70%. [  99  ]  Three DOPA 
residues form bi-dentate metal ion complexes with Fe 3 +   that are 
responsible for the hardness of the cuticle. The unusual exten-
sibility of such a hard substance results from its granule/matrix 
structure where the formation of micro tears in the matrix, 
which contains fewer DOPA cross links, prevent large scale 
cracks that would cause catastrophic failure. [  100  ]  Mfp-1 has been 
discussed as being suitable for providing a hard coating for soft 
substrates, [  101  ]  and as inspiration for materials that feature pH-
induced metal-ligand cross-links with self-healing capacity. [  102  ]  
4475wileyonlinelibrary.combH & Co. KGaA, Weinheim
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  Byssus has evolved as both a tough tether and a shock 

absorber, able to withstand repeated irregular loads from waves 
in tidal areas. Investigations into the mechanics of byssal 
threads have analyzed the properties of proximal and distal 
regions alone as well as those of whole threads (Figure  3 ). 
Quasi-static tensile testing has shown that proximal byssal 
thread is characterized by low modulus (16 MPa) low ulti-
mate stress (35 MPa) and high extensibility up to 200% with 
relatively constant stiffness over the full range of extension. [  103  ]  
Cyclic testing of proximal threads to 50% extension showed 
pronounced strain-induced stiffening from 30 to 60 MPa, 
and increased resilience, [  104  ,  105  ]  while changes in strain rate 
seem to bring about an increase in stiffness and loss of 
resilience. [  103  ,  105  ]  

 Whereas proximal thread shows essentially elastomeric 
behavior in static tensile tests, distal thread is more of an 
elastoplastic material. Distal thread exhibits a much higher 
modulus (870 MPa) compared to proximal thread, with a 
pronounced yield point at around 15% extension followed by 
large-scale deformation where stress remains virtually con-
stant and lastly, stiffening before rupture at 109% extension 
at an ultimate strength of 75 MPa. [  78  ,  106–108  ]  The behavior of 
distal thread under cyclic loading depends upon whether 
the thread is loaded below or above the yield point. At low 
strains, distal threads show signifi cant hysteresis (70%) to 
dissipate energy, (although the proximal part shows hyster-
esis as well (40%)). [  78  ]  As in proximal threads, these prop-
erties are strain-rate dependent. [  105  ,  109  ]  Beyond the yield 
point, cycles after plastic deformation show low stiffness 
and reduced energy dissipation. [  105  ]  Unlike in most elasto-
plastic polymers, this plastic deformation is reversible (“self-
healing”) in a time dependent matter due to the presence of 
sacrifi cial bonds provided by histidine metal-ion coordination 
complexes. [  94  ,  110  ]  

 Whole threads show a blending of proximal and distal 
properties. The initial response to tension is elastomeric, an 
attribute ascribed fully to the proximal portion of the thread. 
As stress increases, strain stiffening commences in the prox-
imal region. However, before the proximal portion can fail at 
low ultimate stress, the load is transferred to the distal region 
which begins to yield. The substantial plastic deformation of 
the distal region serves to absorb a large amount of energy, pre-
venting thread breakage and dislodgement of the mussel. It is 
argued that the yield behavior of byssal threads allows realign-
ment along the axes of greatest load in the tidal zone as well as 
the possibility to spread load among other threads. [  105  ]  The slow 
(many hours to days) re-formation of sacrifi cial cross-links in 
distal thread would seem to support this hypothesis, as there is 
no need for speedy recovery when thread realignment and load 
redistribution must take place. 

 The performance of whole threads under cyclic loads can 
be summed up as follows: At very low loads, whole threads 
are relatively resilient, which is attributed to straining 
in the proximal portion of the thread. At sub-yield loads 
closer to the yield point, byssal threads exhibit significant 
hysteresis to dissipate energy. [  105  ]  When cycled beyond the 
yield point, the plastic deformation of the distal region 
which also undergoes stress-induced softening contributes 
to low overall stiffness and reduced toughness. [  105  ,  111  ]     
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
 4. Fibrous Protein-Based Materials and their 
Applications 

 In order to exploit the manifold properties of fi brous pro-
teins, it is necessary to produce and process them for new 
materials. The most direct method of obtaining proteins is to 
isolate them directly from natural sources and employ them 
with or without modifi cation. This approach is limited by the 
low solubility of most fi brous proteins, their recalcitrant cross-
links and, in many cases, their low availability. Alternatively, 
synthetic analogues can be produced chemically or recom-
binantly, allowing targeted modifi cations to produce desired 
material characteristics. [  112  ]  Many examples of fi brous protein 
chimera have also been produced this way. [  113–117  ]  Natural or 
recombinant proteins can be used to make blends or other 
hybrid materials such as peptide/polymer amphipiles, (see 
reviews [  118  ,  119  ] ) further extending the range of material prop-
erties. Control of protein assembly processes allows the pro-
duction of diverse structures for a variety of applications from 
medicine to food science to biologically compatible electronic 
sensors and conducting materials. For an overview of selected 
materials based on proteins found in the fi bers discussed in 
this review, their processing and potential (or actual) uses see 
 Table    4  .   

 4.1. Biomaterials from  B. Mori  Silk 

 While natural  B. mori  silk threads have long been used as tex-
tiles and for sutures, other materials and forms are desirable 
for broader applications in technical and medical fi elds.  B. mori  
silk fi broin can be dissolved in a suitable solvent (usually highly 
concentrated aqueous salt solutions) and the silk solution used 
to create gels, fi lms, foams, non-woven mats, coatings, parti-
cles and capsules or other materials for tissue scaffolds, drug 
delivery vesicles, bio-mineralization scaffolds, solid supports 
for catalysts, and many others. An exhaustive review of silk pro-
cessing approaches is available. [  13  ]  Regenerated  B. mori  fi broin 
may also be used in blends for diverse purposes. Again, the 
authors would like to refer you to a thorough review of mate-
rials derived from  B. mori  fi broin blends. [  120  ]    

 4.2. Biomaterials Inspired by Spider Dragline Silk 

 The main obstacle to producing materials from natural spider 
dragline silk is the sheer impracticality of harvesting threads 
from webs or the spiders themselves. Not only does each 
spider produce only milligrams of silk, spiders are also territo-
rial and tend toward cannibalism when kept in close quarters, 
effectively foiling any attempt to farm them. [  22  ,  30  ,  121  ,  122  ]  Efforts 
to produce full-length natural MaSps fail at the cloning stages 
due to the large, repetitious, guanine- and cytosine-rich genes. 
The best approach has been to construct synthetic sequences 
based upon natural motifs and adapt gene sequences to the 
codon usage of host systems. [  22  ,  123–125  ]  Various synthetic con-
structs, one even approaching the molecular weight of nat-
ural dragline silk proteins, have been successfully cloned 
and expressed in a variety of host systems. A comprehensive 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4467–4482
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   Table  4.     Overview of materials based on  B. mori  silk, dragline, egg stalk, and byssus and their potential or actual applications. 

Protein Processed into Sample applications, References

 Bombyx mori  fi broin

Natural silk Threads Textiles, [  13  ]  sutures, [  12  ,  177  ]  tissue scaffolds, tissue grafting, liga-

ment replacement [  13  ,  177  ,  178  ] 

Regenerated Non-woven mats Tissue culture, scaffolds, skin grafts, bone regeneration [  13  ,  177  ,  179  ] 

Particles, microcapsules Cell encapsulation, [  180  ]  wound healing, [  181  ]  drug delivery, carrier 

systems, controlled release [  182–187  ] 

Foams Scaffolds, [  12  ]  bone regeneration [  188  ] 

Hydrogels Scaffolds, tissue engineering (esp. bones), [  189  ,  190  ]  controlled 

release [  191  ,  192  ] 

Films, membranes, coatings Stem cell-based tissue engineering (review 179 also for other 

fi broin structures), drug delivery/carrier systems/ controlled 

release, [  193–195  ]  wound coverings, skin replacement [  196–198  ] 

Spider dragline silk

Natural  Nephila  spec. Threads Nerve regeneration, [  130  ,  131  ]  skin replacement [  199  ] 

Recombinant  N. clavipes  MaSp1 analogues Threads, fi lms, non-woven mats, scaffolds Cell scaffolds, tissue engineering, [  135  ]  artifi cial blood vessels [  137  ] 

Threads, fi lms Biomineralization, bone regeneration [  140  ,  200  ] 

Films Cell scaffolds [  201  ,  202  ] 

Wound dressings [  203  ] 

Coatings [  204  ] 

Targeted gene therapy [  138  ,  139  ,  205  ] 

Recombinant  E. australis  MaSp1 analogue Films Cell scaffolds, [  134  ]  tissue engineering [  136  ] 

Recombinant ADF4 ( A. diadematus  spidroin) analogue Particles, capsules, vesicles Cell encapsulation, drug delivery, cosmetics [  133  ,  206  ,  207  ] 

Hydrogels Cell scaffolds [  208  ] 

Films Cell scaffolds [  209  ] 

Coatings Implants (unpublished) 

Egg stalk silk

recombinant  M. signata  MalXB1 analogue Threads, fi lms Cell scaffolds [  210    ]  

Byssal proteins

Mussel adhesive proteins (natural extract mixture from 

 M. edulis )

Adhesive coatings Commercially available adhesives: Adhesive Protein (Sigma-

Aldrich), MAP (Swedish BioScience Laboratory), Cell-Tak (BD 

Biosciences Clontech) [  149  ] 

Mefp-1 ( M. edulis ) Compliant coatings [  101  ] 

Recombinant Mefp-1 analogue, Wettable bioadhesives [  144  ] 

Recombinant Mefp-5 ( M. edulis ) Wettable bioadhesives [  145  ] 

 Mefp-1  and  5  fusion protein Wettable bioadhesives [  147  ,  148  ] 

Mefp-1, 3 and 5 fusion protein Hydrogel Commercially available extracellular matrix mimic functionalized 

with peptide motifs (MAPTrix)
review [  126  ]  and a particularly useful table [  29  ]  cover this informa-
tion in detail. 

 Recombinant dragline silk proteins have also helped clarify 
important structural and assembly information that may aid 
in processing the proteins into useful materials. The role of 
the non-repetitive carboxy-terminal domain during assembly 
of spidroins has been studied, both solving the structure of the 
domain and showing that the carboxy-terminus of a recombinant 
 Araneus diadematus  fi broin aids correct alignment and fi bril for-
mation. [  127  ,  128  ]  The structure of the amino-terminal domain has 
also been solved and shown to be highly sensitive to pH changes 
that are known to occur during the spinning process. [  128  ,  129  ]  
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 4467–4482
 Recombinant spider silk proteins can be processed into 
threads, particles, microcapsules, fi lms, mats, and hydrogels 
(see  Figure    4  ). The resulting materials have been tested for 
their suitability in nerve regeneration, [  130  ,  131  ]  drug release, [  132  ]  
encapsulation, [  133  ]  tissue engineering, [  134–137  ]  targeted gene 
therapy [  138  ,  139  ]  and biomineralization. [  140  ]  The proteins or the 
materials made thereof have also been functionalized to fulfi ll 
specifi c tasks such as cell adhesion and proliferation (as sum-
marized in Table  4 ). Recombinant spider silk is currently being 
tested as a coating for silicone breast implants and has shown 
less encapsulation and a marked reduction in infl ammatory 
markers in pre-clinical studies in rats (paper submitted).    
4477wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  4 .     Recombinant spider silk can be processed into various forms for a variety of applications.  
 4.3. Biomaterials Inspired by Lacewing Egg Stalk Silk 

 Investigations into biomaterials of lacewing egg stalk silk are 
still very much in their infancy but fi rst steps have been taken. 
The recombinant production of a 53 kDa engineered protein 
based upon the sequence of MalXB1 has been achieved. [  70  ]  
DNA encoding a 48 amino acid long consensus motif was 
optimized for  E. coli  codon usage and multimerized 8 times 
using a seamless cloning technique similar to that used for 
producing recombinant spider dragline silk. [  124  ]  The repetitive 
core was ligated with the natural amino and carboxy termini 
of MalXB1. The resulting protein could be drawn into fi bers, 
showed birefringence and had bending modulus, strength and 
toughness similar to that of natural egg stalk at low relative 
humidity (30%). At higher relative humidity (70% or above), 
however, the recombinant threads did not show the same 
extension as natural egg stalk silk, and morphological anal-
ysis by SEM revealed a porous rather than solid structure. [  70  ]  
Recombinant egg stalk silk is currently being tested as fi lms 
for use in cell culture. [  210  ]  In general its potential applications 
could encompass cell supports, coatings or threads where lat-
eral stiffness is desirable. 

   4.4. Biomaterials Inspired by Mussel Byssus 

 Byssus is a highly chemically cross-linked composite mate-
rial, and thus, byssal proteins are not amenable to extraction 
from threads, although they can be purifi ed from mussel feet. 
A mixture of preCols was prepared in this manner by the 
research group of Herbert Waite and drawn into threads which 
in TEM and AFM experiments showed the same fi lamentous 
8 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
morphology as seen in natural byssus, if not the same mechan-
ical properties. [  79  ]  Extraction and purifi cation of preCols from 
mussel feet is arduous at best, impractical on a large scale and 
requires sacrifi cing a large number of mussels for milligrams 
of protein. To date, production of preCols remains beyond our 
reach; the challenges involved in molecular biology and the 
demands of the host system are even greater than those for 
silks. Not only are preCols large and highly repetitive, they also 
require post-translational modifi cations (for example hydroxy-
lation of proline and presumably tyrosine residues) which are 
likely necessary for proper thread assembly and mechanical 
properties. [  141  ]  A fusion protein containing collagen and silk 
domains that models the block-copolymer design of preCol-
D has been produced, [  142  ]  and this approach is likely a better 
starting point for investigating the properties of the preCols 
and their potential for new materials. 

 Other mussel foot proteins involved in adhesion, however, 
have been extracted from mussels or produced recombinantly. 
Although these are not strictly fi ber-forming proteins, they are 
worth at least a cursory mention because they show remark-
able promise as underwater glues and coatings particularly 
for medical applications (see Table  4 ) as they show strong 
adhesion to a variety of surfaces both hydrophobic and hydro-
philic under wet and dry conditions, are biocompatible, non-
immunogenic, environmentally benign and show controlled 
degradation under physiological conditions. [  143  ]  The byssal 
cuticle protein Mfp-1 is a potential compliant coating, [  101  ]  and 
has been produced recombinantly, albeit in low yields. [  144  ]  The 
adhesive protein Mefp-5 ( Mytilus eduli s foot protein-5) has 
been purifi ed in full length from  E. coli , [  145  ]  and a variant of 
a second adhesive protein Mfp-3 (mussel foot protein-3) from 
 Mytilus coruscus  was also successfully produced in  E. coli . [  146  ]  A 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4467–4482
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fusion protein of partial Mefp-1 and Mefp-5 constructs has also 
been achieved. [  147  ,  148  ]  A bio-compatible wettable adhesive com-
prised of a mixture of adhesive proteins from byssal extracts is 
already available for general use (e.g. CellTak). [  149  ]  A commer-
cially available fusion protein of mfp-1,-3 and-5 (MAPTrix TM ) 
incorporating various bioactive peptides is also currently being 
marketed as an extracellular matrix mimic for cell culture 
studies. 

 A burgeoning fi eld of research essentially reduces the prin-
ciple of mussel adhesion to DOPA chemistry. Although the pre-
cise mechanism is still being elucidated, DOPA is believed to 
be responsible for both the cohesive (when DOPA is oxidized 
to DOPA-quinone) and adhesive (non-oxidized DOPA) prop-
erties of mussel foot proteins. [  150  ]  Thus, DOPA-modifi ed poly-
mers such as poly(ethylene glycol) [  151  ]  can serve as adhesives or 
coatings that are economical, simple to synthesize and easily 
scalable. [  152  ]  

 Taking the mechanical gradient of byssus as inspiration and 
building upon previous work with synthetic polymers, large 
centimeter scale gelatin/fi broin gradient fi lms have been pro-
duced using a precision pump system. [  98  ]  The fi lms exhibit a 
fully reproducible range of modulus similar to that of their 
natural models (ca. 160–570 MPa). Although the fi lms do fall 
short of the strength and toughness of byssal threads, the estab-
lishment of a protein gradient system may prove useful for 
directed cell attachment in cell culture or in the reinforcement 
of damaged tendons.    

 5. Outlook 

 The groundwork has been laid for advances in protein biomate-
rials inspired by or based on proteins from spider silk, lacewing 
egg stalk silk, and mussel byssus. Starting with the study of the 
natural proteins and continuing through recombinant produc-
tion of cleverly designed analogues, useful protein materials 
can be fabricated for a variety of applications (see Table  4 ). The 
fi nal and perhaps largest obstacle to overcome remains the pro-
cessing of recombinant proteins. Although recombinant fi brous 
proteins such as spider silk can be processed into a variety of 
morphologies for a range of uses (see Figure  4 ), much work 
remains to achieve the fabrication of threads that rival the supe-
rior mechanical properties of natural protein fi bers.  
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