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Develop predictive assessments of the in vivo performance
of protein biomaterials

Reduce the current trial-and-error approach utilized in the
field with a more rational approach based on bottom-up
multiscale modeling to guide the preparation of the
required materials
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Predictions of biomaterials performance can be attained by
the combined use of suitable experimental models to cover
polymer features (chemistry, molecular weight), processing
(fiber morphology, hierarchical structure) and modeling at
different length scales of a material’s structural hierarchy
(from chemical to macroscopic scales)



Conventional vs. new material design and manufacturing

approaches

Protein-based
biomaterials as the
example

Wong et al., Nano Today, 2012
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Kaplan, Wong, Buehler et al., Biomaterials, 2012
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Multiscale hierarchical structure illustrated for silk

beta-strand  semi-amorphous phase fibril bundle=fiber fiber web
A nm >10 nm >100 nm pm > mm
Push chemical ;:nncepts to larger scales (H-bonds, Push mechanics concepts to smaller scales
molecular unfolding...)
< > (modulus, strength...)
Molecular dynamics Coarse-grain model Continuum mechanics

Giesa, Buehler et al., Nano Letters, 2011



Design, processing, and material properties are

closely linked

spinning

equilibrium shear flow
) protein
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material/
tissue

Copyright Dennis Kunel

(spider) silk spinning
liguid to solid



Kaplan, Wong, Buehler et al., Biomaterials, 2012

p -1

Length STRUCTURE

siale

PROCESS CONDITION

e.g.

n. e.g.

Gel Temperature
//T ) Fiber pH
< Composite Shear rate

lon concentration
Protein concentration

Fibrils
Vesicles

— Rods
-

Films
Microcapsules
Spheres

PROPERTY

y Nanocrystals
_.. Amorphous region

X
- Mechanical
= e% Secondary Optical
* structure Biological
‘ Electrical
Thermal
SEQUENCE/ COMPOSITION
M e.g. gwom
") Molecular weight g
[ ore £ s5po]  Yield point
—— Hydrophilic to %
¥ hydrophobic ratio

0 0.2 0.4 0.6
Strain

Biopolymer
design: sequence,
structure, process
condition and
properties

Films, fibers

Process
—_—___J

L Synergistic Approach : \
For Prediction Towards |
Desirable Outcomes y

MQ_, Simulation

Sequence, Chemistry Mﬂﬂzl:;?t,an::ic:lfﬁng



Models to
Predict Protein
Biomaterial
Performance

Films, fibers

Process
L J

) Synergistic Approach \
| For Prediction Towards |
| Desirable Outcomes y

= | Simulation |

Sequence, Chemistry Modeling, predicting
crystallinity

Markus Buehler (MIT)
David L. Kaplan (Tufts University)
Joyce Wong (Boston University)



Silk Block Copolymers — Design & Self-Assembly

Phase separation controlled by:
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Self-assembled structures of polymeric materials

Ikkala et al., Chem. Comm. 2004 19, 2131



Spider Silk-Like
Block Copolymers
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Nhel SpeI
. ] /
: Y . ]
MaSp I prn;a%m AB diblodk
sequence l W
poly A/GA: -sheet Nhel Spel
A —_—
MaSpl GAGAAAAAGGAG
consensus @EGY GSQGGR Hydrophobic block A
sequence: Q
q ~ Nhel Spel
GGX notif: non B- > ————
sheet; B-turns, helices
Hy drophilic block B

Spider Silk (A | HEE 1. Cloni
Genetic Blocks: AN AN N oning |
AN N A 2. Expression

3. Self—Assembly

e




Example — Biosynthesis of protein variants based on spider silk

Code Spider silk-like block copolymers Mw [Da]

HBA; MHHHHHHSSGLVPRGSGMKETAAAKF |10,068
ERQHMDSPDLGTDDDDKAMAASQGGY
GGLGSQGSGRGGLGGQTSGAGAAAAA
GGAGTSGAGAAAAAGGAGTSGAGAAA
AAGGAGTS

HAB; MHHHHHHSSGLVPRGSGMKETAAAKF |11,967
ERQHMDSPDLGTDDDDKAMAASGAGA
AAAAGGAGTSQGGYGGLGSQGSGRGG
LGGQTSQGGYGGLGSQGSGRGGLGGAQ
ISQGGYGGLGSQGSGRGGLGGAQTS

hydrophilic block B is underlined
hydrophobic Block A bold
hexahistidine tag italicized.



Films — materials formation from spider silk block copolymers

Scanning Electron Microscopy



Characterization of Spider Silk Block Copolymers

Percentage of structures after FTIR and Deconvolution

Code Beta sheet Turn Alpha helix | Random coil
HBA, 21.1+5 24.8+3 13.2+5 12.6+5
HAB, 10.8%3 27.4%5 8.7x4 11.8+5

Mechanical properties - water annealed films

Code Linear Elastic Ultimate Tensile Failure strength
Modulus @ 2-3% Strength [MPa] [Y0]
strain [MPa]
HBA, 161.9+27.5 13+0.7 43.8+16.9
HAB, 553+31.3 20.9x7 6.1+3.4
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Regenerated silk fibers + block copolymers

Silk Press »>

Spinning Tube

spun fibers
(AB; & BA,)

microfluidic device
(fluid focusing)




Fiber
Morphology

spun from regenerated
silk fibroin (RSF) and
mixtures with HAB; and
HBA, (30% RSF/70%
copolymer)

Brightfield images [RSF (B, scale bar 150 mm) RSF/HAB; blend (C, scale bar 150 mm) and RSF/HBA
blend (D, scale bar 150 mm) fibers]

w

E-L - SEM images of fibers [(E) Native silk, scale bar 30 mm, (F) Native silk, scale bar 2 mm,(g) RSF
fibers, scale bar 8 mm, (H) RSF fibers, scale bar 4 mm, (I) RSF/HAB; blend, scale bar 30 mm, (J)
RSF/HAB; blend, scale bar 2 mm,(K) RSF/HBA; blend, scale bar 20 mm, (L) RSF/HBA; blend, scale
bar 5 mm]
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Yung & Buehler, Nature Materials, 2009

Multi-scale integration of computational and experimental tools

—> structure-property-process relationships in protein materials
Time scale
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Reactive, nonreactive molecular dynamics (MD), mesoscale (coarse-grained) and
continuum models to span Angstrom to micrometers and meters and time-scales from
femtoseconds to seconds



Structure prediction and functional properties
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Example: molecular mechanics of silk

hydrophilic
(mix w/ water) =B

hydrophobic,
form crystals
(don’t mix w/
water) = A




De novo sequences: in silico model

AB3 vs. BA3
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AB, Lattice 3x2

2 layers

AB -
y 3 Anti- -

Length: 80 res, 27 nm
AB,

parallel
Strands

——Forward ——Reverse

mm Superposition

Hydro*TBP

2 -
3 -
Slight chance of B-sheet at A (poly-Ala)

Krishnaji, Bratzel, et al., Advanced Functional Materials, 2012


Presenter
Presentation Notes
 String of one-letter amino acid codes were inputted into an executable that comes with the TINKER Molecular Modelling package. This creates a straight, extended chain.This chain is taken and repeated parallel and anti-parallel (i.e. reversed) into a square lattice of 6 chains, as seen in slides 6 and 7. As an alternative to REMD, it was tempered to 600 F and back to 300 F over the course of 10 ns in an implicit solvent (EEF1.1) force field. This models side-chain interactions as well as adding a simplified repulsive force, as if water were present. Implicit solvent was used for tempering because it is faster (without having to calculate trajectories and interactions of so many water molecules) and it avoids the problem of explicit water vaporizing and destroying the protein and the simulation box. Tempering with implicit solvent basically supplies extra kinetic energy that allows the chains to escape from being trapped near the initial extended state and folding to find a lower potential energy. After this, explicit solvent was added and equilibrated for 20 ns at 300 K with the CHARMM-22 force field in order to refine the secondary structure and model is more accurate.


BA; Lattice 3x2

2 layers
BA, _
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—
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66

Krishnaji, Bratzel, et al., Advanced Functional Materials, 2012


Presenter
Presentation Notes
The largest beta-sheets are predicted where poly-alanine overlaps the most. AB3 has less poly-alanine, and so it is predicted to have less beta-sheet than BA3, even if they find each other and overlap. If they don't overlap, there's a good chance that AB3 will show no beta-sheet.


Equilibration & structure convergence - computation

d
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change visible during tempering in
implicit water and equlibration in
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hidden for clarity)

Residues are colored by secondary
structure: B-sheet is in blue.

Convergence for each stage is
determined by:

(b) RMSD and

(c) changes in total B-sheet
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Krishnaji, Bratzel, et al., Advanced Functional Materials, 2012



Pull out testing - computation

a
i :
o Force-control pullout testing of the
equilibrated structures in explicit
Extended
i water
Sheared Length and secondary structure
345N change visible during deformation
Initial
0nN Residues are colored by secondary
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Krishnaji, Bratzel, et al., Advanced Functional Materials, 2012



Scaling up: Dissipative Particle Dynamics (DPD) model

Gronau, Kaplan, Wong, Buehler et al., Biomaterials, 2012
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Clogging and no fiber formation

Forms fibers from microfluidic

Wong, Kaplan, Buehler, et al.,
spinning device

Nano Today, 2012



Microscopic insight from molecular simulation

HAB,
® A
® B
£
=i
Forms fibers “ IriE:reased hydrophilic residues has
positive effect on assembly process
HBA;

hence few/no cross-links = no fiber
Wong, Kaplan, Buehler, et al., Nano Today, 2012



Conclusion — A New Approach to Materials Design

Material
Design

Wong, Kaplan, Buehler, et al.,
Nano Today, 2012

Conventional: “Top-down approach”
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nanocrystals
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diversity Conclusions
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