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Presenter
Presentation Notes
Very many animals produce important and useful fibers for weaving, spinning and dyeing, including, sheep, alpaca, camels, goats and rabbits, as well as several species of arthropods that produce silks.  
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Presenter
Presentation Notes
The best known silk, having been cultivated in China for at least 5000 years, is silkworm. It comes from the silkworm cocoon that the silk spins around itself to form its cocoon. silkworms spin a protective cocoon for the vulnerable pupa stage.



Silkworm silk 
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Silkworm silk—used as a textile 
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Presenter
Presentation Notes
And silk fibers have been utilized throughout history. Due to its smooth texture, luster and strength, silks from silkworms have been set the standard in luxury fabrics for several millennia.

http://monitor.admin.musc.edu/~cfs/thailand_2003/silkworm.jpg
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Spider silks 
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Presenter
Presentation Notes
In contrast to silkworm, spiders, for example, those of the orb weaving spiders, they produce a variety of different silks with diverse properties to match the needs of the spider’s survival requirements in web construction, prey capture, reproduction and movement. Diverse uses of spider silks originate from the outstanding physical properties that are tailored for specific needs, resulting in variation of mechanical properties. 



Fibers Stiffness  

(GPa) 

Strength 

(GPa) 

Extensibility 

(%) 

Toughness  

(MJ∙m-3) 

B. mori cocoon silk 7 0.6 18 70 

B. mori reeled silk 15 0.7 28 150 

A. Diadematus silk (dragline) 10 1.1 27 180 

A. Diadematus silk (flagelliform) 0.003 0.5 270 150 

Wool (at 100% RH) 0.5 0.2 5 60 

Nylon fiber 5 0.95 18 80 

Kevlar 49 fiber 130 3.6 2.7 50 

Carbon fiber 300 4 1.3 25 

High-tensile steel 200 1.5 0.8 6 

Scheibel T. et al. Angew. Chem., Int. End. 2009, 48, 3584-3596. 

The strongest natural fiber—spider dragline silk 
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Presenter
Presentation Notes
Mechanical properties of spider silks have not yet been duplicated by man-made materials. Dragline silk form extremely strong fibers. Dragline silk tensile strength is comparable to Kevlar and it has extensibility which is seven times greater than the extensibility of Kevlar. This combination of features makes major ampullate silk one of the toughest materials known.



Yellow woven spider silk cape 

Spider silks—used as a textile 
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Presenter
Presentation Notes
History tells us that there have been very few experiments and previous attempts to weave spider silk, mainly due to the difficulty in its process. However, the largest piece of golden spider silk cloth in the world was achieved at recent years.  
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Spider silks—potential applications 
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Presenter
Presentation Notes
Meanwhile, spider Silk has many potential applications. Its unique properties of strength, elasticity, as well as being lightweight, allow it to be an excellent biomaterial. Imagine the day when artificial tendons and ligaments or bridge cables are constructed with spider silk. This biomaterial could be used to keep people safe in ways such as in air bags, seat belts, body armor, rock climbing ropes or cords for parachutes. These are just a few of the ways spider silk could be used. http://2012.igem.org/Team:Utah_State/Project#
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Scheibel T. R. et al. Polymer  2008, 49, 4309-4327. 

Macrostructure of silk fibers 
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Presenter
Presentation Notes
The remarkable mechanical properties of silk fiber originate from their unique structure. A complete understanding of the silk structural elements and their contributions to the physical properties of the biopolymer are important in order to fully understand the materials.It is only recently  that we are beginning to fully understand its structure. On the macroscopic level, the morphological structure of B. mori silk and spider dragline silk are very similar, as both possess a core-shell structure



Martin D. C. Macromolecules 1998, 31, 8857-8864. Liu X. Y. et al. Biophys. J. 2006, 91, 4528-4535.  
Liu X. Y. et al. Adv. Funct. Mater. 2011, 21, 772-778. Liu X. Y. et al. Soft Matter. 2014, 10, 2116-2123. 

Structure of silk fibers 

dfibril～40 nm 
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Presenter
Presentation Notes
A range of microscopy methods, including SEM, and AFM, have been used to investigate the structure of silk fiber at micro-nano scale. SEM show the microfibrillar topography on the surface parallel to the fiber axis. The results of AFM confirmed that silk fibers are composed of well-oriented bundles of nanofibrils. the nanobrils of both spider and silkworm silks are not of cylindrical shape but of spirally twisted belts.



Chemical composition of silk fibers 
B.  mori  fibroin consists of  heavy chain (H-fibroin) and light chain 
(L-fibroin) 

- Covalently linked at the carboxy-terminus 
- MW of H-fibroin ~ 350 kDa; L-fibroin ~ 26 kDa 

Spider fibroin (major ampullate dragline silk protein) composes of   
Spidroin 1 (MaSp 1) and Spidroin 2 (MaSp 2) 

- MW of MaSp1 ~ 275-320 kDa; Sp1+Sp2 ~ 700-750 kDa 
 

Scheibel T. R. et al. Bipolymers 2012, 97, 355-361. 

covalent linking 
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Presenter
Presentation Notes
Silkworm fibroin consisting of a covalently linked highly repetitive heavy and nonrepetitive light chain. The main proteinaceous constituents of spider dragline silk are typically two major ampullate spidroins, MaSp1 and MaSp2. The light chain of B. mori fibroin, has a standard amino acid composition and a nonrepeating sequence. B. mori fibroin heavy chain and spider spidroins have large central core of repeated modular units, flanked by nonrepetitive amino- (NRN) and carboxy- (NRC) terminal domains. 



The primary structure of silk protein 

Primary structure of H-fibroin 
- Sequences highly conserved 
- Repetitive stretches of (Gly-Ala)n sequences and tyrosine-rich domains   

Zhou C.-Z. et al. Nucleic Acids Res. 2000, 28, 2413-2419. 
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Presenter
Presentation Notes
the complete amino acid sequence of the B. mori fibroin heavy chain is composed of a highly repetitive (Gly-Ala)n sequence motif 



The primary structure of silk protein 
Primary structure of Spidroin 1 (MaSp 1) and Spidroin 2 (MaSp 2) 

- Repetitive sequences motifs of (Ala)n 
- Followed by several GGX motifs in MaSp 1 and GPGXX motifs (proline 
residues) in MaSp 2 

Lewis, R. V. et al. TIBTECH 2000, 18, 374-379. Knight, D. P. et al. Nature 2001, 410, 541-548. 
Simmons, A. H. et al. Science 1996, 271, 84-87. 
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Presenter
Presentation Notes
In MaSp1, the modular units mainly consist of a subset of the sequence motifs (Ala)n followed by several GGX motifs, with X representing a variable amino acid. In MaSp2, the GGX motif is replaced by the GPGXX motif, which contains more proline residues 



Secondary structure 

Ulrich A. S. et al. J. Am. Chem. Soc. 2002, 124, 8794-8795. Scheibel T. et al. Macromol. Biosci. 2010, 10, 998-1007. 

(Ala)n 

GGX 

GPGXX 

β-sheet  

helical structure 

β-turn spiral  

(Gly-Ala)n 

Tyrosine  
residue 

β-sheet  

distorted β-sheet  

distorted β-turn  

B.  mori  fibroin  dragline silk spidroin 

Common secondary structural motifs in proteins 
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Presenter
Presentation Notes
The primary structural motifs have a preferred secondary structure and give rise to structures higher up the hierarchy. it is generally concluded that most of the spider silks are made up from four different motifs: (i) 310-helix forming repeats GXX; (ii) crystalline b-sheet rich poly(A)motifs; (iii) an elastic beta-spiral region, also known as proline-rich region, composed of multiple GPGXX motifs;The stability of these structures is given by the interchain hydrogen bonding 



Antiparallel and parallel β-sheet structure 

Ulrich A. S. et al. J. Am. Chem. Soc. 2002, 124, 8794-8795. Scheibel T. et al. Macromol. Biosci. 2010, 10, 998-1007. 
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Presenter
Presentation Notes
The stability of these structures is given by the interchain hydrogen bonding 



Raman spectroscopy 
Band Assignments for the Silks Studied  

Raman shifts (cm-1) 

N.  edulis silk 

B.  mori silk  

904 

N. Edulis silk  B. mori silk  assignment 

1699sh 1693sh amide I, mainly C=O s in antiparallel β -
sheets 

1668 1665 amide I, C=O s in β -sheets 
904 Ala Cα-Cβ, Ala Cα-N-Cβ , CH3 

β-carbon 

α-carbon Ala: 

Pézolet M. et al. Biomacromolecules 2004, 5, 2247-2257. 

N.  edulis silk 

B.  mori silk  
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Presenter
Presentation Notes
N. edulis silk give rise to a strong band at around 904 cm-1 which is absent in the spectrum of B. mori. This band is clearly characteristic of the long poly(alanine) sequences found in N. edulis silk, whereas B. mori is rather composed of alternating alanine-glycine motifs. The position (near 1665-1668 cm-1) and the small width of the amide I band, the spectra of two silk fibers clearly show that the B-sheet content of the silk proteins is quite high. This frequency difference is most likely associated with the primary sequence of the silk proteins. A shoulder appears at around 1693 cm-1 for B. mori and 1699 cm-1 for N. edulis,respectively. This high-frequency amide I component was assigned to an infrared-active mode of the antiparallel pleated B-sheets.The polarized spectra show that several bands are sensitive to the polarization of the incident laser, particularly the amide I and III bands. These results clearly show that the B-sheets are predominantly parallel to the fiber axis.



Raman spectroscopy 

Pézolet M. et al. Biophys. J. 2007, 92, 2885-2895. 

Spectral decomposition of the dragline silk 
monofilament of N.  edulis in the amide I region. 

Band parameters of the amide I components 
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Presenter
Presentation Notes
Apart from the b-sheet component, the amide I band is actually composed of other components representative of the different secondary structures that compose the fiber. The amide I bands were decomposed and can be used to evaluate the amount of secondary structures for the different silks.



Solid state NMR 

13C Ala methyl peak of the 13C CP-MAS NMR 
spectrum of [3-13C]Ala B.  mori silk fibroin 
fiber. 

Asakura T et al. Soft matter  2013, 9, 11440-11450. 
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Presenter
Presentation Notes
The peak was decomposed into the fraction of each conformation. Crystalline domain- solid blue line: 56% of B. mori silk fbroin. On the other hand, in the amorphous region -thick broken red line: 44% of B. mori silk fbroin. 



Proposed hierarchical structure model—two phases 

• (Ala)n modules form anti-parallel β-sheets (~30-40%) 
• Glycine-rich, amorphous regions 

• (Gly-Ala)n modules form anti-parallel β-
sheets (50%) 
• tyrosine-rich domains, amorphous regions 
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(1)How can mechanically weak structural 
elements such as proteins stabilized by H-
bonds provide the basis to strong materials? 
 
 

(2) What role do hierarchical structures play 
in providing overall strength and functions 
of a material? 

The key questions 
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Liu X. Y. et al. Soft matter 2014, 10, 2116-2123. 

Slippery Fibril Bundle (SFB) structure 

Bulk Network (BN) structure 

Hierarchical network (HN) 
structure 

The importance of hierarchical structure – network? 
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Presenter
Presentation Notes
three typical hierarchical structures: (a) a multi-domain system, the domain–domain interaction is weak or zero; (b) a single-domain system; and (c) a multi-domain system, the domain–domain interaction is strong or infinite. The SFB model assumes that the nanofibrils are cylindrical and can slip freely (there is no friction between them). The BN structure does not have the fibril bundle structure and the molecular-crystallite structure is extended to the whole fibers. While the HN structure predicts the mechanical performances strikingly well.The outstanding mechanical properties of silk fibers is thought to caused by embedded crystalline units serve as the nodes connecting peptide chains from different molecules to form a molecular network.



The importance of hierarchical structure in the mechanical behavior 

i.   The hydrogen bonds in the semi-amorphous regions to rupture 
ii. Entropic unfolding of the amorphous strand 
iii. Load transfer to the crystalline sheet 
iv.  Failure of the silk  
 

Buehler M. J. et al. Nano. Lett. 2010, 10, 2626-2634. 
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Xiao S. et al. Biophy. J. 2009, 96, 3997-4005. 

AAap AAp 
GAap 

GAp 

Crystalline unit  pulling force  

ΔF for interstrand hydrogen bonds along the strands.  
The upper and lower hydrogen bonds in panels C and 
D are shown in red and blue, respectively, starting 
from the point of force application in AAp (E) and 
AAap (F). 

The importance of crystalline β-sheet in the mechanical behavior  
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Presenter
Presentation Notes
simplify the stress application by subjecting the terminus of the central strand to a pulling force arising from a virtual spring moved along the strand axis with constant velocity; the mechanical response of the four different models by determining their stress-strain relationship and backbone pull-out resistance. The stiffness, as measured by the backbone pull-out resistance, correlates, for the two β-sheet arrangements , with the forces upon which rupture occurs. Antiparallel β-sheet arrangements clearly outperform parallel β-sheet arrangements . And the rupture forces of the AA models are higher than the GA models.This high toughness is further fine-tuned by differences in the arrangement of strands into parallel or antiparallel sheets. What are the determinants of the robustness of the β-sheet stacks in silk? It performed a force distribution analysis for AAap and Aap. In AAap most of the applied stress is already taken up by the strands adjacent to the central strand, and the stress shows a fast nonlinear decay with distance. in AAp force is more widely distributed, along hydrogen-bonding layers as well as inter-β-sheet layers. Along the central strand, strain decays in a linear way and thus, significantly more slowly than in Aaap. It is found the difference in hydrogen-bond geometry between AAp and AAap to be the major determinant for the difference in force distribution within one β-sheet . The hydrogen bonds in AAap, being oriented in-line, are responding to the external load in a homogeneous way.The lower hydrogen-bond strength in parallel sheets compensates for this effect and renders parallel comformations overall less stiff and stable.



Xiao S. et al. Soft Matter. 2011, 7, 1308-1311. 

The importance of crystalline β-sheet in the mechanical behavior  
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Presenter
Presentation Notes
Atomistic models of b-sheet crystals with varying number of alanines were mechanically tested in Molecular Dynamics simulations. They compared the mechanical efficiency of b-sheet crystals of different strand lengths in terms of rupture force per residue and found b-strands of around 8 residues in length to be the optimum.



Size-dependent elastic deformation of β-sheet nanocrystals  

Buehler M. J. et al. Nat. Mater. 2010, 9, 359-367. 

The importance of crystalline β-sheet in the mechanical behavior  
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Presenter
Presentation Notes
Molecular dynamic simulation A softening of the system in larger nanocrystals is evident from snapshots of deformation, which increases as the size of the nanocrystal increases.



Stick-slip deformation (robust) ‘Brittle’ fracture (fragile) 

Size-dependent fraction mechanism of β-sheet nanocrystals  

Buehler M. J. et al. Nat. Mater. 2010, 9, 359-367. 

The importance of crystalline β-sheet in the mechanical behavior  
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Presenter
Presentation Notes
For a stack with height L ≤ 3 nm, the shear stresses are more substantial then the flexure stresses, and the hydrogen bonds contribute to the high strength. If the stack of -sheets is too high, it undergoes bending with tensile separation between adjacent sheets.



Cetinkaya M. et al. Soft Matter. 2011, 7, 8142-8148. 

The importance of crystalline β-sheet in the mechanical behavior  

(The number of β- strands in the crystal)  

(The backbone length )  

Based on the elastic modulus calculations, 
the N = 8, S = 3 structure shows the most 
efficient usage of the protein crystalline 
material to maximize the crystal stiffness. 
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Presenter
Presentation Notes
A common conclusion is that crystalline and fiber mechanical properties show opposite trends with backbone length of the b-strands, N, and the number of the b-strand layers, S, in the crystals. In particular, elastic modulus, toughness, and rupture stress of crystalline subunits and fibers increase with N due tohigher portions of forces carried by the backbone elements and hydrogen bonds across the backbones. On the other hand, increasing S results in softer and weaker structures due to the predominant behavior of the more deformable side chain interactions between each b-strand layer in the crystal.The overall increase in toughness with increasing N and decreasing S originates from two parallel tendencies, namely higher ruptures strains and stresses. The skeleton models enable us to determine the mechanically optimal size for the crystalline subunits. Based on the elastic modulus calculations,the N =8, S =3 structure shows the most efficient usage of the protein crystalline material to maximize the crystal stiffness, in close agreement with the prevalence of roughly eight alanine residues in silk proteins and the experimentally determined crystal dimensions in silk fibers.



Forced silking to obtain silk fibers: Silk is pulled from the spinneret,  
 attached to a reel,  
and drawn at a specified speed. 

Elices, M. et al. JOM. 2005, 57, 60-66. Pérez-Rigueiro, J. et al. J. Exp. Biol. 2005, 208, 2633-2639. 

The importance of crystalline β-sheet in the mechanical behavior  
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Elices, M. et al. JOM. 2005, 57, 60-66. Pérez-Rigueiro, J. et al. J. Exp. Biol. 2005, 208, 2633-2639. 
Morikawa, H. et al. Int. J. Biol. Macromol. 2008, 42, 264-270. Shao, Z. Z. Nature 2002, 418, 741-741. 

Naturally  
spun 

Forcibly  
silked 

10 20 30 40 
mm s-1 

The importance of crystalline β-sheet in the mechanical behavior  
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Presenter
Presentation Notes
Experimental investigations, based on force-reeled silks, revealed that the orientation of the domains also played a crucial role in silk mechanics. It was observed that by decreasing crystallite size and increasing the degree of orientation along the fiber axis, enhancement of the overall strength of the silk fibers could be achieved. The silkworm, like the spider, produces stronger, more brittle fibers at faster spinning speeds. However, forced silking of silkworm only yields short lengths of fibers. 
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Bio-inspired silk fibers 

Kaplan D. L. et al. Trends in Biotech. 2008, 26, 244-251. 
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Presenter
Presentation Notes
To produce engineered silk fiber with excellent mechanical properties, diverse artificial spinning methods, such as wetspinning, electrospinning, and microfuidic approaches, have been developed.



Bio-inspired silk fibers 

Redissolving of silk 

Silkworm silk 

Shao Z. et al. Chem. Commun. 2009,  6515-6519. 
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Presenter
Presentation Notes
Silkworm silk solutions can be solubilized in aqueous solvents, including LiBr and N-methylenemorpholine-N-oxide (NMMO) and subsequently formed into fibers by a ‘wet’ solvent-based process.
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Bio-inspired silk fibers 

Shao Z. et al. Chem. Commun. 2009,  6515-6519. 
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Presentation Notes
It can generate fibers with structure and properties approaching those of native silks.



Bio-inspired silk fibers 

Synthetic  
DNA 

Spider  
cDNA  
 

Flexibility with 
host 

Protein fibers 

Reverse 
transcription  

Eukaryotic host  
(insect cells) 

 
Spider silk protein 
sequences/mRNA Gene design 

Nephila clavipes 

Recombinant silk protein 

Scheibel T. et al Macromol. Biosci. 2007, 7, 401-409. 
Altman G.H. et al. Biomaterials 2003, 24, 401-416. 

39 

Presenter
Presentation Notes
Recombinant DNA techniques allow the manufacture of silk analog proteins.



Bio-inspired silk fibers 

DNA fragment 

Fahnestock S. R. et al. Appl. Microbiol. Biotechnol. 1997, 47, 23-32.  
Fahnestock, S. R. et al. Appl. Microbiol.Biotechnol. 1997, 47, 33-39. 
O’Brien J. P. et al. Adv. Mater. 1998, 10, 1185-1195. 

AGQGGYGGLGSQG-------------------------------------------- 
AGQGGYGGLGSQGAGRGGLGGQGAGAAAAAAAGG 
AGQG-------GLGSQGA---------- GQGAGAAAAAA----GG 
AGQGGYGGLGSQGAGRG-----GQGAGAAAAAA---GG 

Spidroin 1 analog: DP-1B 
[ 

] n=8-16 

Ligate 8 or 16 
DNA fragments 

DNA duplex 

Hybridize  
complementary  

strands 

 

Premature termination with  
    expression in E. coli 
 
High MW polymers from yeast 
 

 
    

Transform in 
Escherichia coli 

Insert gene into  
plasmid vector 

Or transform in 
yeast 

Protein fibers 
1 g/L 

Protein fibers 
300 mg/L 

170 nm diameter fibers 
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Bio-inspired silk fibers 

Dragline silk  
gene sequence 
from A. diadematus 

Gene sequence  
inserted into 
expression vector 

Transformation 
of vector in 
mammalian cells 

protein  
synthesis 

Protein purification,  
and characterization 

Mechanical Properties: 

Protein sample Toughness 
(MJ/m3) 

Modulus 
(GPa) 

Elasticity 
(%) 

Strength 
(GPa) 

ADF-3 
A. diadematus dragline 

85 13 43.4 0.26 
130 10 30 1.1 

Lazaris, A. et al. Science 2002, 295, 472-476. 
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Presentation Notes
The team of Nexia Biotechnologies have proposed a new strategy to use transfected mammalian cells to express partial cDNA encoding a spider silk protein. The best result comes from the combination of hamster kidney cells and ADF-3.



Silk-based biomaterials 

Buehler M. J. et al. Biomaterials 2012, 33, 8240-8255. 
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Presenter
Presentation Notes
Finally, Silks are biocompatible, biodegradable and have implant ability, as well as morphologic flexibility. Recent progress with processing of silk fibers into various material forms, usually via the formation of the fibroin/spidroin solution, including thread, hydrogels, tubes, sponges, microspheres, particles and films, promotes the field of applications for silk fibers in general.



Summary 

 It turns out that the sequence of silk protein may 
affect the secondary conformation. The ordered 
structure, β-sheets, will determine the stiffness of 
the silk fibers. 

 
The hierarchical network structures strongly 
correlate with the strength, elasticity, and toughness 
of silk fibers. 
 

Perspective  

 The robustness  and plasticity of network -> 
mechanical properties? 
 The genetic modification of silk protein -> enhanced 
mechanical properties and novel functions? 43 
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