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Steel: strength ~1 GPa
strong bonds

Spider silk: strength
~1-2 GPa & 60% strain
4 @ failure
§| weak bonds

Made @ room
temperature via self-
assembly

Natural construction
material

20..100 nm

semi-amorphous phase | fibril bundles

nm



Mechanics of web from molecular principles

Silk structure identified
using statistical methods

(replica exchange MD)
Scheibel et al.

Nanomechanics
characterization

Constitutive behavior
(derived from molecular
principles, w/ mechanisms:

constituents
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Unfolding, slip, failure)
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Protein Chemistry (pH, ions)
mechanical shear

and elongation

\ Macroscale system (web)

Full atomistic
structure )

Web failure (simulation,
model and in situ
experiment)

beta-sheet
nanocrystal

genetic
information

3,-helices
(semi amorphous) '

Link macroscale | ¢
web failure back
to molecular L
mechanisms

System-level

Based on: Nature .
mechanical tests

Materials, 2010;
Nature, 2011, in
submission

Stiffening = highly

localized failure
Problem solved: Source of great strength of silk (comparable to steel)
despite material being constructed from weak H-bonds (e.g. water)







Identify sequence (natural or de novo)

Block A: poly A/GA - p-sheet

Recombinant engineering (RE)
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2. Anneal
Synthetic nucleotides
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SGRGGLGGQGAGAAAAAGGAGQGGYGGLGSQGT

Spider silk

structural, etc.

Block B: GGX - non p-sheet, -

FEEDBACK: Sequence engineered/altered/designed based on
experimental-computational results (at hierarchical scales)
Optimize for required material performance: in vivo, mechanical,

turns, a-helices

desired size
1. Cloning to expression vector

2. Transformation, E.Coli
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Purification
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Protein block copolymer

experiment (microfluidics) — Wong

mechanical fiber testing (‘\ / Input: monomers from RE PLLUS pH, solvent, MAKE
(Instron) — Wong/Kaplan shear flow etc. MONOMERS
molecular modeling g (0] AVAILABLE
(modulus, strength,
toughness) — Buehler - INPUT: =

. : natural process
structural analysis FIBERS (e.g. spinning duct) pH, flow, etc. -

Experiment: x-ray
(Wong), FTIR (Kaplan),
AFM (Cristian)
Modeling: RMSD,
STRIDE, chemical
structure (Buehler)

models

W animal

in vivo performance
(degradation rate, new
tissue formation), mechanical
properties

Kaplan

Characterization: functional [e.g.

mechanical, in vivo, bioactive]
properties, structure (hierarchical)

——————————
— €

modeling (e.g. REMD,
metadynamics, F@H) —
Buehler

Input: sequence of monomer
(match those from RE or
altered to test new
conditions), processing
conditions (pH,

solvent, shear flow/prestretch)
Output: Hierarchical structure

o

Category theory representation {olog]

Description of how “function” emerges is

identical or similarin silk or language, but
uikdan gbl ocks are different

Hierarchical
bielegical material
[e.g. silk)

prs ﬁg

Assemble monomers
into fibers
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