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SMART MATERIALS FROM NATURE

Key Features:
• species variants for 

climate stability
• function variation in 

shape and strength
• multiscale ordering 
that develops structural 

diversity 

SPIDERS 
MANUFACTURE 

COMPLEX 
MATERIALS

Functional 
Peptides 

direct order

Flexible 
Polymers

enable 
processing

Stiff 
Polymers
promote 
strength

MATERIAL DESIGN ENABLES 
BUILT-IN FUNCTIONALITY

Korley et al. Molec. Sys. Desig. Eng. (2021)
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J. Exp. Bio. 202 (1999) 3295 
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A Bio-inspired Platform for Self-Assembled Materials

FLEXIBLE POLYMER SEGMENT

promotes chain mobility, entanglement
e.g., 

PDMS

PEG

CROSSLINKERS Highly Ordered
Peptide-Urea Networks

CHAIN 
EXTENSION

HARD 
SEGMENTS

Phase Controlled
Peptide-Urea

HYDRATION Injectable, Thermally 
Robust Hydrogels

Thermoresponsive
Peptide-Urea 

Shape Memory Polymers

CHAIN 
EXTENSION

PEPTIDE SEGMENT

ε-carbobenzyloxy-
L-lysine

β-benzyl-
L-aspartate

e.g., 
promotes self-assembled structure

PEG
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Natural-Synthetic Polymer Hybrids toward Hierachical Materials

α-helix
Intramolecular 
H-bonding

β-sheet
Intermolecular 

H-bonding

n < 10 n > 10

Poly(dimethyl siloxane) 
(PDMS) Peptide-PDMS-Peptide 

Poly(β-benzyl-L-aspartate) 
(PBLA)

J. C. Johnson, N. D. Wanasekara, L. T. J. Korley, “Influence of secondary structure and hydrogen-bonding arrangement on the mechanical 
properties of peptidic-polyurea hybrids”, J. Mater. Chem. B, 2014, 2, 2554.

peptide block length

• common natural approach
• responsible for unique 

self-assembled structure
• chemically labile 

(e.g., pH-responsive)

Peptide
Synthetic Polymer

• easy to obtain in desirable Mw
• imparts desirable polymer characteristics

(e.g., flexibility, crystallinity, entanglement)
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Higher-Order Structures from PEG

L. E. Matolyak, C. B. Thompson, B. Li, J. K. Keum, J. E. Cowen, R. S. Tomazin, L. T. J. Korley, “Secondary-Structure-
Mediated Hierarchy and Mechanics in Polyurea−Peptide Hybrids”, Biomaromol, 2018, 19, 3445.

PZLY

Desmodur 
N3300A

PEG
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Hybrids Possess Unique Crystalline Morphologies and Fracture Mechanics

PEPTIDE CONTENT

PEPTID
E REPEAT LEN

G
TH

Z5-10 Z5-20

Z20-10 Z20-20

PEG-HDI

Z5-10

Z5-20
Z20-10

Z20-20

fracture 
surfaces 

under POM

2

3

Z5-10 Z5-20

PEG-HDI

L. E. Matolyak, C. B. Thompson, B. Li, J. K. Keum, J. E. Cowen, R. S. Tomazin, L. T. J. Korley, “Secondary-
Structure-Mediated Hierarchy and Mechanics in Polyurea−Peptide Hybrids”, Biomaromol, 2018, 19, 3445.

Multiple levels of 
organization 

Modulate 
spherulite size & 

heterogeneity

Alignment    Void formation

Dominated by 
crystallite size



Designing dynamic hydrogels
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Desirable properties of dynamic networks: shear thinning, responsivity, self-healing
Challenge: mechanical strength

Solid-like properties Yield to flow Network Recovery

Build complex, reversible 
interactions into polymer systems

Applied 
force

Fan, H.; Gong, J. P. Fabrication of Bioinspired Hydrogels: Challenges and Opportunities. Macromolecules 
2020. https://doi.org/10.1021/acs.macromol.0c00238.



Bio-inspired assemblies for dynamic hydrogels
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PEG Polypeptide

HDI

Deprotection of  side chain residues: added 
responsivity & reinforcement opportunities

Peptide Blocks

PBLAPZLY

Modulate secondary structures à 
hydrogel properties

J. Thomas, Z. R. Hinton, L. T. J. Korley, 
Soft Matter, 2023, 19, 7912



Peptide-polyurea hybrids as physical hydrogels
PZLA

HDI
PEG

10 wt% in 0.01 M PBS

Z5-10 Z20-10 Z40-10

α-helix
β-sheet

N

ZN-X
N = peptide repeats

X = peptide content (%)

J. Thomas, Z. R. Hinton, L. T. J. Korley, 
Soft Matter, 2023, 19, 7912



Secondary structure drives gelation

PBLA-PEG PUs: Random 
coil (Beta turn) – positive 
band at 210 nm

PZLY-PEG PUs: α- helical 
structures- negative bands 
at 209, 222 nm

Gelation mechanism tied to peptide secondary structure

Circular dichroism (CD) Spectroscopy reveals dominant α- helical behavior in  gel-forming hybrids



Visualizing higher-order assemblies

Cryo-TEM images reveal dense fibrous networks present in α-helical polyurea hybrid hydrogels

Z5-10, 10 wt% Z20-10, 10 wt%

TEM: Shannon Modla, DBI



Thermally-stable hydrogels with structure-controlled assembly
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T = 37°C temperature cycling reveals complex 
thermo-rheological response



Network recovery achieved
Design Considerations for Applicability:

• More solid-like behavior, shear thinning
• Ability to recover from applied force
• Sufficient mechanical strength

Applied 
force

PZLY-PEG PU hydrogels display network recovery from shear



MIMICKING NATURAL ARCHITECTURES
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Telegraph.co.uk/news/earth
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Permanent + Exchangeable 
Polymer Networks

• enables stiffness gradients 
(inspired by Nereis jaw)
• self-healing abilities 

TOPOLOGICALLY DISTINCT, 
MULTI-NETWORK POLYMERS

Renewable Materials

• derivable from renewable 
sources (e.g., wood wastes)

• enables re-processability and 
long-term stability

REINVENTING POLYMERS FROM 
NATURAL BUILDING BLOCKS

Korley et al. Unpublished

1 cm



ENABLING RESPONSE 
VIA MANUFACTURING 
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Korley et al. Soft Matter (2017)

solution 
assembly

electrospinning

polymer 
processing

Korley et al. Soft Matter (2017)

Polymeric Matrices + Nanofibers
shape programmability for pre-designed 

folding upon exposure to moisture

COMBINED PROCESSES FOR 
PROGRAMMABLE MATERIALS

spatial control of motion enables robotics applications
SMART MANUFACTURING via 3D PRINTING



BUILDING A  
SUSTAINABLE 

BIOECONOMY
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Architecture

Nanotemplating

Modularity

Efficiency

On-demand
nanomanufacturing
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