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1. Introduction to Biomimicry

Biomimicry or biomimetics is “the study of the formation,
structure, or function of biologically produced substances and
materials (such as enzymes or silk) and biological mechanisms
and processes (such as protein synthesis or photosynthesis)
especially for the purpose of synthesizing similar products by
artificial mechanisms which mimic natural ones.” [1] Beginning
with early examples, such as Da Vinci�s bird-inspired aircraft
illustrations, biomimetic design has evolved into an important
concept for basic scientific research as well as for many
engineering applications.[2–7]

Biomimicry at the molecular level is particularly exciting,
as it allows scientists to study, manipulate, augment, and
imitate biological systems with powerful and precise synthetic
methods. Some modern molecular biomimetic research
targets include synthetic enzymes,[8, 9] membranes[10] and ion
channels,[11] artificial photosynthesis,[12] and, recently, syn-
thetic cellular living systems.[13] The sub-areas of materials
research that fit under the umbrella of molecular biomimicry
have expanded dramatically over the last few decades to
include bioengineered[14] and hybrid-polymer materials,[15–17]

biomineralization,[18–24] and adhesives,[25,26] as well as morpho-
logical,[27] surface,[28] and functional extracellular matrix
mimics.[29, 30]

One of the early examples of the application of the
biomimetic concept to organic materials science was the
artificial liposomes designed by Ringsdorf in the 1980s.[31,32]

Although several books have been devoted to the progress
made in the field, biomimetic materials science possesses
tremendous potential and opportunity for further develop-
ment. Indeed, the research area is currently generating an
enormous amount of interest, driven by the intersection of
three powerful forces in physical/biological science research:
1) the broad realization that an interdisciplinary, collabora-
tive approach to research can deliver rapid advances, 2) the
exponential growth in the capabilities of analytical technol-

ogies and computational power, which
allow elucidation of the structural and

molecular organization of natural materials down to the
smallest length-scales, and 3) the maturation of synthetic
techniques, both chemical and biological, thereby allowing
the facile construction of high-fidelity model systems as well
as high-performance bio-inspired polymers. The rise in
prevalence of the interdisciplinary mindset, as well as the
recent development of analytical and synthetic methods, offer
materials scientists an unprecedented opportunity to under-
stand the molecular and structural mechanisms behind the
multifunctionality,[33] adaptability, robustness, strength,
toughness,[34] and elasticity[35] found in biological materials,
and to translate these concepts into improvements in
synthetic materials.

Biomimetic materials science involves three main com-
ponents: 1) the elucidation of structure–function relation-
ships from the study of biomimetic model systems, 2) the
extraction, application, and adaptation of the underlying
physical/chemical design principles, and 3) the discovery of
new approaches to materials science challenges and new
pathways to synthesis and manufacture, which extend the
scope of the natural system to produce new materials.[36,37]

This Review is primarily focused on biomaterials based on
peptide/protein structures, the understanding of the molec-
ular mechanisms which contribute to their excellent mechan-
ical properties, and the application of that understanding
towards the development of biomimetic synthetic materials.
For each protein-based material subclass, we will first
summarize what is known about nature�s molecular design,
and then describe the design and synthesis of new materials
inspired by the natural model systems.
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Under eons of evolutionary and environmental pressure, biological
systems have developed strong and lightweight peptide-based poly-
meric materials by using the 20 naturally occurring amino acids as
principal monomeric units. These materials outperform their man-
made counterparts in the following ways: 1) multifunctionality/tuna-
bility, 2) adaptability/stimuli-responsiveness, 3) synthesis and pro-
cessing under ambient and aqueous conditions, and 4) recyclability
and biodegradability. The universal design strategy that affords these
advanced properties involves “bottom-up” synthesis and modular,
hierarchical organization both within and across multiple length-
scales. The field of “biomimicry”—elucidating and co-opting nature�s
basic material design principles and molecular building blocks—is
rapidly evolving. This Review describes what has been discovered
about the structure and molecular mechanisms of natural polymeric
materials, as well as the progress towards synthetic “mimics” of these
remarkable systems.

From the Contents

1. Introduction to Biomimicry 9027

2. b Turns/Spirals 9028

3. b-Sheet Fibrils 9033

4. b-Sheet Nanocomposites 9038

5. a-Helix-Based Fibers 9041

6. PPII Helix-Based Fibers 9044

7. Tertiary Folded Domain 9046

8. Summary and Outlook 9049

Biomimetic Materials

9027Angew. Chem. Int. Ed. 2011, 50, 9026 – 9057 � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



The scope of this Review is outlined in Table 1. Nature
uses the 20 natural amino acids to engineer polypeptide
materials with a wide range of high-performance mechanical
properties. One widespread structural feature in natural
structure-building biomaterials is the repetitive modular
design that exists in many structural proteins,[38] including
elastins, collagens, fibronectins, cadherins, and the skeletal
muscle protein titin.

Modularity—starting from the amino acid monomers—is
ubiquitous in natural protein-based structural materials;[39]

this modularity aids the “controlled complexity” [40] of the
bottom-up construction[41] and hierarchical self-organiza-
tion[42] across multiple length-scales ultimately yielding the
required advanced mechanical properties—so-called “collec-
tive emergent properties” [43]—that dramatically exceed the
sum of the mechanical properties of their individual constit-
uents. These structural proteins are important components in
many soft tissues, and play essential roles in life processes.
They possess excellent elasticity, and thus are capable of
undergoing high deformation without rupture, storing or
dissipating the energy involved in the deformation, and then
returning to their original state when the stress is removed.
When constantly subjected to myriad stresses, many structural
proteins also demonstrate remarkable adaptive and dynamic
mechanical behavior.

In this Review, we categorize the natural protein materials
on the basis of the types of their modular repeat units,
secondary folding structures such as b turn/spiral, b sheet,

a helix, polyproline II (PP-II) helix, as well as tertiary folded
domains (Table 1). By mimicking these design principles, we
have a tremendous opportunity to address some of the most
fundamental challenges of materials science, such as material
failure, benign synthesis and recyclability, confinement
effects, as well as multiscale synthesis and fabrication.[44]

2. b Turns/Spirals

2.1. Elastin

Mammalian elastin is a cross-linked rubber used by nature
to provide a “lossless” connection between the softer, more
viscous anatomical elements and the stiffer, higher-modulus
ones. Elastin is an ideal mechanical energy storage material
with a long lifetime that is employed, for example, in
oscillating motor systems such as the heart, arteries, and
lungs. The highly resilient elasticity of elastin, which is nearly
devoid of hysteresis in cyclic stress/strain measurements,
means that very little energy is dissipated thermally, with the
majority of the mechanical energy stored during deformation.
Thus, elastin-based biological elastomer components are
characterized by extreme durability.[45] In addition, mamma-
lian elastin sustains a large elongation at break, similar to
man-made rubber systems.

The precursor of elastin is the soluble protein polymer
tropoelastin, which consists of large (ca. 72 kDa), highly
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Table 1: Examples of advanced biological polypeptide materials.

Secondary & tertiary
structure

Natural system Natural function Mechanical characteristics

b turn/spiral elastin ideal connective elastomer, mecanical-energy storage material resilience, deformation-tolerance,
durability

b sheet amyloid-type
fibrils

adhesion, encapsulation stiffness, environmental stability

b sheet nanocomposite spider dragline
silk

macroscopic structural engineering stiffness, extensibility, toughness

a-helical coiled coil vimentin cellular structural integrity toughness, enthalpic elasticity
polyproline type II triple
helix

collagen microscopic structural scaffolding
extracellular matrix

elasticity, toughness, strength

tandem tertiary folded
domains

titin dissipative connective interface, damage protection, skeletal
muscle suspension

recoverable toughness, passive
elasticity
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conserved modular repeat domains of (VPGXG)n, where X
represents a variable position, which in the case of elastin can
be occupied by any amino acid other than proline. (The
single-letter codes for amino acids are used in this Review.)
These elongated repeat domains are connected by short, less-
repetitive, alanine- and lysine-rich regions, with the lysine
residues spatially grouped into tetrads.[46] The lysine-alanine
sections provide amine functionality for the formation of
oxidative cross-links, permanently fixing the structure. The
lysine-alanine repeats are thought to adopt an a-helical
conformation, thereby resulting in the cofacial presentation
of amines required for covalent cross-linking.[47–49] In addition
to ordered self-assembly of cross-linking domains, the com-
plete immersion of the protein polymer rubber in water and
resultant equilibrium swelling is essential to its high-perfor-
mance, mechanical energy storage properties.

As a permanently set elastomer, native elastin is highly
insoluble and thus difficult to characterize. Additionally,
recent experiments point to the secondary structure of the
constituent polypeptide chains being highly dynamic. As a
result, a single consensus structure/property relation has been
elusive. In the following section, the representative structural
models proposed for elastin are briefly summarized.

Hoeve and Flory[50] used calorimetry and subsequent
thermodynamic arguments to propose a model of elastin
elasticity that is very similar to that of classical rubber
networks: long polymer chains randomly connected in a
network, which remain mobile and amorphous (i.e., non-
glassy) either intrinsically or, as in the case of elastin, after
equilibrium swelling and plasticization by water. This elas-
ticity model of rubber, which attributes the restoring force to
the reduction of conformational entropy upon chain elonga-
tion, agrees with the near-ideal mechanical energy storage
observed in the natural system. This model also agrees with
NMR experiments, which illustrate the highly dynamic, and
by inference disordered and random, nature of the polymer
backbone.[51]

Whereas the random-network model correlates well with
the average mechanical and thermodynamic properties of
elastin, microcalorimetry studies suggest that the conforma-
tional disorder of elastin actually increases up to 70%
extension. This clearly shows that at the microscopic level,
the random-network model does not provide a precise picture
of the molecular conformations adopted by this high-perfor-
mance functional bio-elastomer.[52, 53]

The classical model also ignores the highly ordered,
modular, amphipathic nature of the protein backbone
sequence between covalent cross-links. It seems unlikely
that nature would expend the energetic cost for this order
without some folding-derived effect on performance. The
“liquid-drop” model proposes that the designed sequence
programs hydrophobic collapse of the polymer side chains,
thereby resulting in a “two-phase” network of spherical
globules connected by covalent bonds formed between the
hydrophilic residues on the exterior of the spherical par-
ticles.[54] These globules would then deform under stress into
prolate spheroids. This model of interlinked compacted
protein particles, however, is inconsistent with the aforemen-
tioned highly dynamic nature of the polypeptide backbone.

To better account for the inherent complexity in a way
that does not contradict the observed spectroscopic data,
Gray et al. put forward the two-phase “oiled-coil” model. In
this research, transgenic, copper-deficient pigs were used to
generate non-cross-linked elastin for higher-resolution
sequencing of the backbone.[46] In this model, b turns, which
are formed as the more hydrophobic V and P residues are
forced inward, present the hydrophilic polyamide backbone
for “oiling” by surrounding water molecules. A series of these
turns yields a “coil” which is free of exterior inter- or
intramolecular hydrogen bonds, thereby leaving only the
hydrogen bond within the turn. This structure is consistent
with the observed lack of a viscous, enthalpic component to
the strain behavior, as the internal hydrogen bonds are likely
only cleaved at high strains. The primary mechanism of
elasticity in the “oiled-coil” model is therefore entropic, as the
exposure of hidden hydrophobic side chains imposes order on
previously free solvent water molecules when the b-turn-rich
folded state uncoils and extends under stress. The sequential-
turn protein assembles into a fibrillar, hydrated structure in
which the turns are covalently connected through a perma-
nent set of lysine-tetrad a-helical domains. This mechanism is
in agreement with electron microscopy studies of native
elastin.[55]

While the proposed degree of stable secondary structure
in the “oiled-coil” model would seem to disagree with
ultrafast chain dynamics, it is possible that high-frequency
thermal oscillation and flexing of the springlike “oiled-coils”
could also explain the observed dynamics of the backbone.
The more recent “librational” entropy theory of elastin
elasticity, put forward by the Urry research group,[56–58]

follows similar logic. In this model, the tandem b turns of
the pentapeptide type II adopt a long-range “b-spiral” con-
formation (Figure 1). Longer-range “swaying” or “rocking”
oscillations of these springlike structures would, in theory, be
dampened when the macromolecule is stretched, thereby
shifting them to a higher frequency and thus resulting in a
decrease in the librational entropy and subsequent increase in
the restoring force.

Although the librational mechanism likely contributes to
local elastic response, recent simulations of hydrated poly-
(pentapeptide)s suggest that the idealized linear b-spiral

Figure 1. The proposed “b-spiral” conformation of VPGVG tandem
repeats in elastin. Pymol representation from an entry in the Protein
Data Bank courtesy of the Daggett research group.
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model substantially overestimates the long-range order of the
polymer network. Although some ordered secondary struc-
ture likely exists dynamically along the polypeptide back-
bone, it is suggested that water plays a key role in the elasticity
of the elastin through hydrophobic hydration, thereby creat-
ing the entropic driving force behind the lower critical
solution temperature (LCST) behavior observed in many
amphipathic polymers.[59] This phenomenon may be the
primary driving force behind the entropic restoring force of
elastin. The well-characterized LCST behavior of elastin-like
amphiphilic polymers[60] supports this hypothesis. The phys-
iological temperature at which elastin operates is above the
critical LCST value for hydrophobic collapse, but it is likely
held in a frustrated intermediate state by the existence of
permanent cross-links. This molecular mechanical frustration,
which is known to contain substantially fewer hydrogen bonds
between the main chains than is observed in typical globular
proteins,[61] provides a plausible mechanism for both the ease
of extension and the lossless resistance to further deforma-
tion, and therefore also for the resilient, durable macroscopic
character of elastin.[40, 62, 63] The highly dynamic nature of
elastin chains also supports a “frustrated collapse” mechan-
ical model.

2.2. Elastin Mimics

The combined advanced elasticity, durability, and stimuli-
responsive nature (e.g., LCST behavior) of elastin make it a
promising biomimetic target. Numerous elastin-like polypep-
tides (ELPs) have been synthesized, by recombinant DNA
expression[64] and chemical synthesis,[65] as both model sys-
tems for mechanistic study and as biomaterials for various
biomedical applications (e.g., protein purification, drug
delivery, tissue engineering).[66–72] These polymers are then
assembled and/or cross-linked to varying degrees to obtain
the final bulk biomimetic material.

2.2.1. Linear Elastin Mimicking Model Systems

Once the primary repetitive amino acid sequence for
tropoelastin was obtained, simple polypeptide mimics could
be synthesized. Urry et al. first synthesized short (VPGVG)1–3

oligomers, which were investigated by 1H NMR spectroscopy.
This provided solid evidence for the existence of a preferred
b-turn conformation adopted by the VP-GV tetrad, and the
authors further hypothesized that a “stacking” of these turns
in series would lead to a b-spiral type structure.[73] After
confirming the energetic favorability of the proposed b turn
with a crystal structure of cyclo(VPGVG)3,

[74] the Urry
research group again used NMR spectroscopy to characterize
cyclo(VPGVG)6,

[75] including the derivation of the pitch and
helicity of the hypothesized extended spiral. Mathematical
methods were then applied to the torsions, dihedral angles,
and distances of these simple analogues to extrapolate the
idealized b-spiral structure.[76] Yao and Hong used isotopically
enriched (VPGVG)3 to enhance the backbone signals in the
solid-state NMR (ssNMR) spectrum, and found that the only
hydrogen bonds in the main chain were present in the b-turn

units.[77] The authors point out that if such a polymer were
stretched, and in agreement with microcalorimetry studies,
these b-spiral structures would be distorted, thereby breaking
the conformationally restrictive intraturn hydrogen bonds,
and thus actually increasing the conformational entropy on
deformation.[52, 53]

The development of recombinant DNA technology led to
various higher molecular weight poly(pentapeptide) poly-
mers becoming available. These were used by Urry et al. to
amplify the LCST transition during CD, NMR, and dielectric
relaxation studies.[78] The dielectric relaxation studies showed
increasing resonant behavior centered at approximately
25 MHz during the temperature-induced transition, which
the authors attribute to the proposed librational mode of the
b-spiral-type secondary structure.[79] Radiation was then
applied to cross-link the intermediate-stage coacervates, and
subsequent thermoelastic studies showed a dramatic increase
in the elastomeric restoring force as the temperature was
raised through the LCST transition.[58]

CD and 1H NMR “exon-by-exon” studies performed on
isolated chemically synthesized domains of tropoelastin
confirm the highly dynamic, labile, and microenvironment-
dependent conformation state of any local peptide region,
with both polyproline II (PPII, a helical secondary structure
found in proteins and protein materials that requires no
stabilization through intrahelical hydrogen bonds) and b-turn
structures represented in the conformational equilibrium.
This led the authors to propose a “sliding b turn” (Figure 2)
rather than an extended b spiral.[80] Arad and Goodman
synthesized and studied depsipeptide analogues that replaced
the turn hydrogen bond of the amide at the variable position
of the pentapeptide repeat unit with an ester.[81] They found in
subsequent NMR and CD studies that much of the average
secondary structure remained, as the highly flexible polypep-
tide was able to adopt alternate, low-energy g- and b-turn
conformations.[82] The authors point out that strong conforma-
tional preference and high flexibility are not mutually
exclusive if a rapid equilibrium with a low energy barrier is
maintained between multiple secondary structures of the
backbone. However, 2D NMR studies on recombinant high-
mass modular repeat ELPs, as well as shorter hexa(penta-
peptide)s, showed that even this dynamic equilibrium model
may overestimate the long-range order of the system, thus
suggesting that conformational entropy must at some level
play a role in elasticity.[83,84] Yamaoka and co-workers
quantified the thermodynamic effects of various external
conditions, such as salt concentration and surfactant addition,
on the LCST, and came to the conclusion that the conforma-

Figure 2. The “sliding b-turn” model of the conformational dynamics
of the elastin backbone. The equilibrium intraturn hydrogen bond
ruptures, thereby allowing the VG turn to “slide” to the right and
become a GG turn. In this way, metastable turns propagate up and
down the elastin chain.
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tion space is undoubtedly complex, with multilevel interde-
pendence of intramolecular backbone conformations and
intermolecular association/aggregation states.[85]

Realizing that the identity of the time-resolved exact
secondary structure of elastin is neither attainable nor the
most relevant structure parameter, Meyer and Chilkoti
focused instead on the average state, as reflected in the
sequence- and environment-specific, and therefore tunable
and stimuli-responsive, metric of LCST. To aid the further
design of model and functional ELPs, the authors derived an
empirical three-parameter equation based on concentration,
sequence, and chain length that quantitatively predicts the
LCST for an ELP of any given length, concentration, and
composition.[86]

The arrival of high-resolution single-molecule force
spectroscopy (SMFS) and atomic force microscopy (AFM)
allowed further characterization of high-molecular-weight
recombinant ELPs by microscopy. Urry et al. found that
below the critical temperature, (GPGVP)251 and (GVGIP)260

terminated with two cysteine residues display near-perfect
storage of the strain energy when stretched and relaxed by the
probe tip of the microscope.[45] These curves could be fit well
with the wormlike chain (WLC) model of molecular elastic-
ity.[87] Above the LCST, the extension curve shows an abrupt
change from an initial low-modulus region to an increased
modulus zone that maintains a roughly constant value
throughout the remainder of the pull. This behavior implies
that, at least at the single-molecule level, the hydrophobically
collapsed structure has a significant amount of order that
unfolds under stress in much the same manner as one would
expect from an extended b spiral or a b-turn-rich random coil.
Further SMFS studies by Valiaev and co-workers show that a
reduced entropic penalty is required for mechanical unfolding
in an apolar solvent environment, which reflects the signifi-
cance of the “hydrophobic hydration” model of lossless
elastic resistance to deformation.[88]

2.2.2. Cross-Linked ELP Materials from Recombinant and Syn-
thetic Polypeptides

As a consequence of its highly repetitive, modular
sequence, the core elastic protein polymer of elastin is
easily emulated; however, the complex processes of con-
trolled deposition, assembly, and cross-linking are not. In an
attempt to improve the mechanical properties of the earliest
direct side-chain-coupled[65] and radiation-cross-linked[58]

elastin-mimic model systems, several research groups have
turned to traditional chemical cross-linking[89] and sequence-
directed assembly.

McMillan and Conticello introduced regularly spaced
lysine cross-linking functionalities every fifth repeat to obtain
[(VPGVG)4(VPGKG)]n.

[90] The lysine substitution at the
flexible fourth residue of the repetitive elastic motif was
treated with a bis-N-hydroxysuccinimide (NHS) ester to
afford gels with up to 17% intermolecular cross-linking of the
amine functionality. The introduction of cross-linking mod-
ules to the backbone did not compromise the LCST proper-
ties, which indicates that the elastic behavior of the natural
system should be retained. However, cross-linking-triggered

coacervation ocurred, unlike in the case of biological elastin
synthesis, where the permanent network is set after, not
before or during, coacervation and assembly. Martino et al.
increased the extent of cross-linking by incorporating two
reactive amines in each repeat unit.[91] Despite elastin-like
“physicochemical” properties, such as characteristic CD
spectra and connected-fibril morphology, the uncontrolled
cross-linking of short (< 3 kDa), solution-synthesized,
tandem repeats—this time with glutaraldehyde (GTA)—
prevented the realization of high-performance elastin-like
mechanical properties.

Welsh and Tirrell also used the (VPGIG)n tandem repeat,
this time programming the lysine residues to be situated near
the termini of the recombinant protein polymer, rather than
evenly spaced throughout the backbone.[92] GTA was again
employed, and, in the absence of an additional self-assembly
director, no improvement in the control of the cross-linking
was expected due to the complex profile of the amine-
aldehyde reaction product. However, when the hydrogels
were stretched under physiologically relevant conditions, by
using a special testing chamber, the samples revealed a
respectable elongation-to-break metric of about 250–400%,
although the tensile strength and modulus were orders of
magnitude lower than elastin. The first two parameters,
however, are highly dependent on minor defects, thus
illuminating one of the core challenges of biomimetic
materials science: demonstrating a conclusive link between
microscopic design and macroscopic properties. However, the
strategic placement of amine groups at the polymer termini
appeared to improve the tensile properties of the material
compared to those with random or 100 % incorporation.

A more radical assembly/processing alternative was
employed by Huang et al. by forcing concentrated solutions
of engineered polypentads through an electrospinning appa-
ratus, which resulted in fine, fibrous networks with control-
lable dimensions.[93] Interestingly, 10 nm surface folds
observed on these fibers are close in size to thin filaments
observed after aggregation of native tropoelastin, which
indicates that the stretching conditions of the spinning process
induced by shear flow and an electric field may support the
oriented self-assembly of polymers. In this case, the resulting
nonwoven material demonstrates a respectable strength and
modulus of 35 MPa and 1.8 GPa, respectively, but at the cost
of the desired energy storage and shape-recovery mechanics
found in high-performance elastin-based structures, such as
arterial blood vessels. In further studies, the authors intro-
duced a solid-state photo-mediated acrylate cross-linking step
after spinning, which allowed the mechanical characterization
of water-plasticized samples.[94] These materials behaved
comparably to native elastin in terms of initial modulus
(0.45 MPa) and elongation-to-break (105%). Importantly,
the degree of cross-linking obtained by solid-state NMR
spectroscopy agrees reasonably well with the degree of cross-
linking predicted for a theoretical ideal rubber elastomer
possessing a similar mechanical profile.

In further studies, the same research group engineered
ABA triblock protein copolymers in an attempt to achieve
ordered assembly in a process similar to the self-assembly of
hard and soft domains in triblock thermoplastic elastomers
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such as polystyrene-b-polybutadiene-b-polystyrene. In addi-
tion to improved control over the physical cross-linking
process and ultimate network morphology, this approach
enabled fine-tuning of the size and sequence of the middle
block, and therefore the viscoelastic and mechanical proper-
ties. Indeed, the authors found that simply switching the Pro-
Gly type II b-turn-forming motif to a Pro-Ala type I turn
resulted in a transformation from an elastic to a plastic tensile
character.[95] In a further refinement of this approach, the
modular protein polymer LysB10 was engineered to have
hydrophobic, plasticlike end blocks, with lysine pairs flanking
each block (Figure 3a).[96] Glutamic acid was included in the
soft elastic midblock to increase the hydrophilicity and

presumably water-induced plasticization. After casting
below the LCST and GTA vapor-phase treatment to induce
permanent set, any un-cross-linked material was dissolved
away. This left 88 wt% of the original material, which suggests
a high degree of permanent network formation after assem-
bly. Lim et al. achieved similar results with A, ABA, and
BABA recombinant block copolymer ELPs cross-linked with
tris(hydroxylmethyl)phosphines.[70] Lysine diisocyanate
(LDI) has also been used to cross-link multiblock ELPs,
thereby resulting in elastin-like mechanical characteristics
(Figure 3b).[97]

In an attempt to more closely mimic nature�s sequential
approach to assembly and cross-linking, Keeley et al. engi-
neered an elastin-mimic protein polymer with distinct ala-
nine-rich, lysine-containing assembly/cross-linking domains
separating the (VPGVG)n elastic recoil modules.[98, 99] The
authors hypothesized that temperature-triggered phase sep-
aration of the hydrophobic elastic sections at temperatures
above the LCST might lead to advantageous orientation of
the cross-linking domains. This ordering might allow oxida-
tive formation of desmosines, which require the proximity of
multiple lysine residues during the subsequent oxidation with
pyrroloquinoline quinone (PQQ), unlike the above-men-
tioned synthetic cross-linking approaches. Indeed, lysine
groups were permanently cross-linked under mildly oxidizing
conditions after aggregation. The impressive resilient elastic-
ity of these materials, as measured by bulk mechanical testing,
and the elastin-like aggregates, as observed by electron
microscopy, demonstrates the effectiveness of this approach.

2.2.3. Hybrid Elastin Mimics

Although high-molecular-weight, monodisperse, high-
fidelity ELPs can be obtained by recombinant DNA tech-
niques, the process is labor-intensive and typically low-
yielding. To improve the efficiency and variability of ELP
synthesis, several research groups have synthesized linear
elastin-mimic hybrid polymers (EMHPs) by employing some
nonpeptido elements in the polymer construction.

2.2.3.1. Hybrid Polymers with Elastin Motifs in the Main Chain

Grieshaber et al. used the versatile copper-catalyzed
Huisgen “click” triazole cyclization[100] to obtain high-molec-
ular-weight EMHPs.[101] In these model systems, the backbone
was constructed by AA-BB polymerization by azide–alkyne
cycloaddition of cross-linking alanine-lysine bis(alkyne)
pentad modules and PEG-bis(azides) to simulate the entropic
spring domains. The use of this polymerization approach
enables systematic adjustment of the peptide sequence, water
interactions, and covalent cross-linking to tune the mechan-
ical properties of the resulting material. Although resilient
materials were obtained, there was not a dramatic difference
between the hydrated and dehydrated forms, thus indicating
that a different mechanism of entropic elasticity than that of
elastin may be at play, not surprisingly considering that
monophillic PEG domains replaced the amphiphilic VPGXG
entropic spring casette domains of elastin in this model
system.

Recently, Chen and Guan designed a new class of linear
elastin “entropic spring domain” mimics, by also taking
advantage of the known efficiency and functional-group
tolerance of copper-catalyzed “click” chemistry to link
together VPGXG pentads to form high-mass polymers
(Figure 4).[102] Unlike the previous “click” EMHP example,
an AB-type monomer was used, thereby simplifying the
synthesis by rendering stoichiometry irrelevant. The authors
synthesized three azide–alkyne pentad monomers:
1) VPGVG, which is expected to adopt a b-turn conforma-
tion, 2) GVGVP, with the proline residue placed next to the
spacer to disrupt the b turn of the core VPG sequence and
enforce a “random-coil” geometry, and 3) VDPGVG, which is
based on the well-known propensity of the d-proline-glycine
dyad to adopt a type II’ b turn, as an alternate turn motif.
After polymerization, the presence of these conformations
was confirmed by CD spectroscopy. However, all three
polymers displayed classic LCST behavior, and as the first

Figure 3. Design of bioengineered cross-linkable elastin-mimetic pro-
teins. a) Thermoplastic elastomer of the A-B-A type (black: lysine
cross-link domain, white: elastic (VPGXG)n , gray: plastic domain
(IPAVG)n). b) Elastic domains separated by lysine cross-linking
domains.

Figure 4. Bioinspired modular synthesis of elastin-mimic polymers
through “click” chemistry. Reprinted from Ref. [102] with permission.
Copyright 2010 American Chemical Society.
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two polymers possessed very similar mechanical properties,
this study further suggests that hydrophobic hydration, rather
than well-defined secondary structure, plays the crucial role in
the elasticity of elastin. The simple modular “click chemistry”
provides an efficient approach to access a broad range of
elastin-mimic polymers for many potential biomaterials
applications.

2.2.3.2. Hybrid Materials having Elastin Motifs in the Side Chains

A more radical biomimetic approach is to use pentad side
chains, thereby decoupling any observed LCST behavior from
the direct hydrophobic collapse of the backbone itself. Thus,
the dynamics of the chain conformation are fundamentally
different from those of elastin. Van Hest and co-workers
synthesized EMHPs with VPGVG side chains by using atom-
transfer radical polymerization (ATRP). Although the degree
of polymerization was low (DP< 10), the heavy monomer
afforded reasonable molecular weights for this initial
system.[103] By growing the chain from both ends of a PEG
block, ABA polymers were obtained that showed the
characteristic concentration-dependent LCST behavior asso-
ciated with elastin-like and amphiphilic polymers composed
of unnatural monomers.[104] A linear dependence of the LCST
on the molecular weight, analogous to peptide ELPs, was
found for the side-chain elastin mimics. Noting that classical
polymer thermodynamics predict that the LCST is not
dependent on polydispersity,[105] Fernandez-Trillo et al. were
able to tune the transition smoothly over a 10 8C range by
simply mixing various polymers in specific ratios.[106]

Roberts et al. synthesized norbornene with a VPGVG
side chain for ring-opening metathesis polymerization with
the Grubbs catalyst.[107] Despite the known sensitivity of the
catalyst to polar functionality,[108] the authors were able to
obtain side-chain EMHPs (albeit with DP< 10) by perform-
ing the polymerization at low temperature (0 8C). Studies on
the resulting polymers showed that the LCST behavior and
the size of the collapsed globules were similar to those of
high-mass ELPs obtained by genetic engineering. By adjust-
ing the solvent mixture to avoid aggregation, Conrad and
Grubbs were able to obtain high-molecular-weight VPGVG/
PEG4 side-chain copolymers.[109] The authors were able to
linearly adjust the solvent/self-interaction parameters, and
hence the LCST, by random incorporation of the two side-
chain monomers in various ratios.

In summary, at the macroscopic level, mammalian elastin
is a fairly simple system, in that its mechanical properties can
be accurately modeled by the classical theory of the elasticity
of ideal rubber. At the microscopic level, on the other hand,
the picture becomes increasingly dynamic and complex.
However, the apparent key driving force of the function
and performance of elastin—hydrophobic hydration-driven
protein folding, which is manifested in the observed LCST—is
in fact one of the most fundamental tools of life itself, being
involved in every aspect of biological conversion and trans-
duction of mechanical energy.[110] Thus, mimicking this
behavior is not only useful for structural materials, but can
also provide valuable lessons for energy efficiency and
sustainable consumption.[111]

3. b-Sheet Fibrils

The assembly of b-sheet peptides/proteins in natural,
synthetic, and hybrid systems was recently reviewed.[112, 113] In
this section, we will focus on the structures and materials-
related properties of natural b-sheet fibrillar assemblies,
followed by a survey of the most recent advances in the design
and fabrication of their biomimetic analogues. The term
“amyloid” will be used to describe multiscale aggregates of b-
sheet fibrils of either natural fiber-forming proteins or
synthetic sequence analogues thereof.

3.1. Amyloid Fibrils

“Amyloid” is the name most commonly associated with
the plaques of long, stiff fibers found in Alzheimers and other
disease pathologies, although evidence suggests that the
elongated fibers represent the end-state of the disease, and
that most physiological damage is done by the shorter
oligomers that are precursors to fibril formation.[114, 115]

Recently, the adventitious use of long-range functional
amyloid fibers in biology was reported. Amyloid-based
biological materials include super-adhesives,[116, 117] tough
encapsulants,[118] pigment stabilizers,[119] and stiff neuronal
interconnects;[119] these and other functions were recently
reviewed by Smith and Scheibel.[120] Thus, nature is able to
take advantage of the superior mechanical strength, high
aspect ratio, and resistance to chemical degradation of the
spontaneously assembled b-sheet fibrils. Of further advantage
to synthetic nanotechnology is that, unlike stiff biological
fibers such as actin filaments[121] or microtubules,[122] amyloid
fibers do not require complex signaling or constant energy
input to maintain their mechanical function.[123]

The high-resolution microstructure of amyloid protofi-
brils has recently been further investigated by X-ray diffrac-
tion,[124, 125] electron microscopy,[126] atomic force microsco-
py,[127] and 2D NMR spectroscopy,[128] as well as by compar-
ison with known structures[129] and molecular dynamics
simulations.[130] However, a sequence-to-microstructure cor-
relation remains unclear, because of the large number of
observed crossed-b isoforms of amyloids. This complex
mixture of kinetically trapped equilibrium morphologies
suggests a large and nonlinear dependence of the final
structure on the specific sequence and environment of the
assembly. A wide variety of helical twists, pitches, and cross-
over distances can even be observed among protofibrils with
identical amino acid sequences.[131]

In 1935 the biophysicist William Astbury was the first to
propose that proteins might exist in a “fibrous” state as well as
the accepted “globular” form.[132] Eanes and Glenner went on
to identify the “cross-b” X-ray signature[133] that is now
considered to be the definitive marker of the “amyloid”
protein state: extended fibers consisting of repeating b-sheets
oriented perpendicular to the fiber axis.

One compelling molecular mechanism for fibril assembly
was recently revealed by the Eisenberg research group.[134–136]

The authors identified the smallest “active” segments of
known amyloidogenic proteins. These peptides were synthe-
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sized and found to both nucleate and inhibit fibril growth
from whole proteins in a concentration-dependent manner.
The research group then obtained microcrystals of these
peptides; determination of their structures yielded an atomi-
cally resolved model cross-section of the cross-b fibril spine.
The resulting structures suggest that long-range fibril assem-
bly occurs through axial intersheet hydrogen bonds (main-
chain and side-chain) between “steric-zipper” laterally sta-
pled sheets. The authors went further, computationally
identifying the “amylome”, all the segments within three
major genomes that possess a sequence for acting as a “steric
zipper” and therefore intrinsically possess the ability to
nucleate fibrils.[137] The number of proteins with suitable
sequences is, from the perspective of a protein-based life
form, disturbingly high. However, the authors note that, with
the limited conformational flexibility of a short sequence
buried in a stable, folded globular protein, fibril nucleation is
thankfully difficult, and most proteins containing a zipper-
capable sequence seem to have evolved with conformational
restrictions strategically located to prevent undesired amyloid
nucleation. From a nanotechnology standpoint, of course, the
observed sequence promiscuity of amyloidogenic proteins
suggests that the fine-tuning of fibril-based materials for
specific mechanical properties and biological interactions
should be attainable.

Smith et al. studied the mechanical properties of insulin-
derived b-sheet fibrous aggregates by AFM, where they
observed surprisingly high strength and stiffness values
comparable to other excellent structural materials such as
silk and steel.[138] Further studies suggested that the measured
values are close to the maximum predicted for defect-free
structures.[139] This is difficult to imagine for a structure that,
while fundamentally dynamic, assembles irreversibly with a
high kinetic bias. The authors point out, however, that any
structural defects would present preferential fracture sites,
thereby enabling ordered growth to resume at the fracture
faces. This self-correcting behavior, along with a unique and
relatively linear relation between rigidity and cross-section
shape, supports the idea that these structures comprise a
generic class of materials.[140]

Despite the difficulty in obtaining large-scale structure/
property correlation for a system with a high degree of
structural variability and notorious insolubility, further insight
into the microscopic mechanism behind the superior mechan-
ical properties of amyloids and amyloid-like fibers has been
obtained by molecular modeling and AFM techniques. One
key observation relates to the critical length of hydrogen-
bond arrangements necessary for cooperative rupture and
high strength. Atomistic computational studies of mechanical
protein modules by Keten and Buehler have shown that
under a uniform shear load, simultaneous rupture of the
hydrogen bonds occurs only up to a maximum cluster size of
four bonds.[141] This size limit for maximum strength enhance-
ment is likely a result of the “energy balance” concept of
fracture mechanics. This model describes the maximum
mechanical strength as a function of the competition between
the core dissociative effect of the entropic constraints placed
on the protein backbone by the ordered structure and the
associative energy of cooperative hydrogen-bond forma-

tion.[142] The cross-b structure is composed of short, stacked
b-sheet repeats that form a dense array of small hydrogen-
bonded clusters, thus maximizing microscopic cooperative
behavior and large-scale mechanical strength at longer
length-scales without sacrificing too much entropy in any
one structural element.[130] Cooperative rupture of the short b-
sheet repeats has also been observed at the single-molecule
level in algal adhesive amyloids.[143–145]

Molecular dynamics studies of the compression behavior
of single amyloid protofibrils reveal that the assembly of a
protein polymer into an amyloid or amyloid-like form results
in an increase in the persistence length by several fold.[146]

While this stiffness metric is still an order of magnitude lower
than the all-covalent carbon nanotubes (CNTs), the prepara-
tion of b-sheet fibrils is easier and more environmentally
friendly, and their rich and tunable chemical functionality
offers a promising approach to addressing a long-standing
challenge in polymer chemistry: rational control over macro-
molecular architecture by variation of the length, sequence,
stereochemistry, and charge balance.[147] With further study,
biomimetic, multiscale cross-b aggregates should ultimately
be amenable to spatiotemporal and mechanical-property-
specific “bottom-up” microfabrication.

3.2. b-Sheet Fibril Mimics
3.2.1. Functional Materials from Amyloidogenic Proteins/Pep-

tides

One simple approach to achieving useful materials based
on the hierarchical assembly of b sheets is to use external
thermal and chemical stimuli to obtain the controlled
assembly of a readily available wild-type protein that
possesses an amyloidogenic sequence. Although such proteins
have a tendency to rapidly form insoluble, unprocessable
plaques and aggregates, Knowles et al. were able to achieve
nanoscopic control over the fibrillization process to obtain
high-performance films by careful temporal adjustment of the
pH value and post-assembly plasticization (Figure 5 a).[148]

The authors first incubated unmodified hen lysozyme in
dilute HCl solution (3% w/w) at 65 8C. This combination of
gentle denaturing and elevated temperature substantially
blocked uncontrolled kinetic aggregation, thus favoring slow
thermodynamic self-assembly over a period of two weeks.
When cast from solution after the addition of PEG400
plasticizer (0.8% v/v), the films displayed liquid-crystalline
nematic order, as observed by polarization microscopy.
Further X-ray diffraction experiments confirmed the
sought-after ordering across a hierarchy of length scales:
nanometer ordering of the cross-b structure within the fibrils,
and micrometer order in the stacking of the fibrils. The films
displayed a Young�s modulus on the order of 6 GPa, which is
comparable to the strongest biological materials, such as
keratin, collagen, and silk. In addition, the processing of
individual cross-b fibrils into films yielded bulk materials with
only slightly reduced mechanical properties compared to the
individual microscopic structures (Young�s modulus 2–
12 GPa). This is in direct contrast to films generated from
high-performance carbon-based materials, such as “Bucky
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paper”, which suffer dramatic loss of modulus and strength
compared to the individual molecular components (Fig-
ure 5b). The authors attribute this advantageous behavior
to the rich functional surface of the proteinaceous fibrils,
which favor the establishment of robust and efficient inter-
fibril contacts.

Another approach is to utilize a smaller, fibril-forming
segment of the larger native protein. Scheibel et al. chose the
N-terminal and middle region of yeast Sup35p, which they
had previously identified as forming cross-b fibrils with
diameters of 9–11 nm, a suitable size and shape for nano-
circuitry.[149] The bidirectional growth of fibrils could be
controlled by mechanical agitation during assembly. The
fibers were metalized with gold in a three-step process
starting with conjugation of cysteine to gold nanoparticles
(Au-NPs) followed by two enhancement steps, which resulted
in continuous metallic connections between the electrodes, as
indicated by the observed ohmic I–V characteristics. The
authors note that the high stability of the fibers to environ-
mental stresses such as temperature, salt, denaturants, acids,
and bases is promising for future industrial-scale processes. In
addition, the proteinaceous nature of the fibril scaffold
enables a broad platform of chemical diversity for future
bionic and sensing applications.[150]

The Gazit research group was able to simplify the fibril
sequence even further. Proposing that p–p stacking may play
a key role in fibril assembly, they compiled the sequences of
known disease-causing amyloids, and noted that most con-
tained at least two phenylalanine or tyrosine residues within
the shortest active segment of 5–10 amino acids. However,

these aromatic residues are among the rarest—occurring in
only 3.9 and 3.3% of available positions, respectively, in
natural proteins.[151] In addition, these residues are among the
most highly conserved, which implies specific and selective
function. With this in mind, the research group simply
dispersed concentrated solutions of diphenylalanine in aque-
ous solvent, and observed the spontaneous assembly of
hollow, high-aspect ratio, high-persistence-length nanotubes
(Figure 6). The tubes were then used to cast silver nanowires,

which could be obtained with high uniformity after enzymatic
degradation of the diphenylalanine nanotube mold.[152] The
tubes were further characterized by nanoindentation by using
AFM, which afforded an estimated Young�s modulus of
19 GPa, compared to 1 GPa for microtubules.[153]

The Artzner research group discovered a unique b-sheet-
based nanotube system that forms spontaneously from a
solution of the Lanreotide octapeptide (Figure 7a).[154] The
peptide is a short b-turn unit with three hydrogen bonds which
is covalently stabilized by an intramolecular disulfide bond
and presents a cooperative D-A-D and complementary A-D-
A H-bond recognition motif on the upper and lower edge of
the turn unit. Systematic segregation of the aromatic and
aliphatic units drives unidirectional, face-to-face dimerization
of the turn unit, thus presenting three cooperative hydrogen
bonds on each edge and resulting in spontaneous cross-b
assembly into hollow nanotubes of micrometer length and a
rigidly monodisperse radius. These tubes further assemble
into a hexagonally packed lattice. The key to the remarkable
order of the assembly system is the presence of an overall + 2
charge per peptide, which balances the attractive forces and
prevents uncontrolled aggregation.

The authors propose that the resulting nanotube struc-
tures, similar to natural amyloids, are the result of a kineti-

Figure 5. a) Protein monomers (hen lysozyme) are first assembled into
amyloid-like fibrils, which are then stacked into films. b) Comparison
of the Young’s moduli of different materials shows that the artificial
nanostructured protein films have high moduli. The modulus decay
upon assembly into films is much less for protein nanofibrils than for
other stiff nanofibrils such as carbon nanotubes. Reprinted from
Ref. [148] with permission. Copyright 2010 Nature Publishing Group. Figure 6. Self-assembly of peptide nanotubes by a molecular recogni-

tion motif derived from the b-amyloid polypeptide. a) The central
aromatic core of the b-amyloid polypeptide is involved in the molecular
recognition process that leads to the formation of amyloid fibrils.
b) TEM images of the nanotubes formed by the diphenylalanine
peptide. c) HRTEM images of the peptide nanotubes. Adapted from
Ref. [152] with permission. Copyright 2003 American Association for
the Advancement of Science.
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cally biased equilibrium process, which could eventually lead
to defect-free or even self-healing/self-correcting nanomate-
rials.[155] The Lanreotide cross-b nanotube assembly serves as
a model biomimetic hierarchical assembly system. As a
consequence of the high solubility, highly ordered and
uniform structure, and fast nucleation and elongation steps
of this model system, in contrast to natural amyloid assem-
blies, the clear observation of intermediate ordered states and
transformations is facile (Figure 7b). Concentration- and
temperature-dependent X-ray and microscopy studies reveal
a three-step pathway marked by successive energy road-
blocks: monomer/dimer, dimer/open ribbon, and open
ribbon/nanotube equilibria are clearly observed. The authors
observe that the “spontaneous emergence of such well-
defined complex and multiscale supramolecular architectures
is strongly enhanced when the formation route is punctuated
with stable” well-defined, long-lifetime intermediate states,
“each of them preparing the next assembly step. Furthermore,
the precise and unequivocal self-assembly process is driven by
the subtle balance of van der Waals attractive and repulsive
electrostatic forces.”[155]

While the nanotube-like aspects of cross-b amyloid
mimics make them promising candidates for high-perfor-
mance structural and nanoelectronic materials, as well as
useful model systems of self-assembly, the propensity for the
assembly of b sheets into long-range, highly interacting,
hydrophillic structures is also a useful property for achieving
novel soft materials, such as hydrogels. This is a promising
avenue of study, as the resulting materials incorporate

protein-like tunability into the material nanostructure for
control over the functionality and mechanical properties, and
the materials themselves are completely derived from abun-
dant natural resources.[156]

Aggeli et al. noticed that the peptides K24 and K27, each
with two diphenylalanine core motifs, readily form b-sheet
structures in lipid bilayers. X-ray and FTIR analysis showed
that the peptides assembled into b-sheet tapes when extracted
into amphiphilic solvents, with a rheologically derived upper
limit for the film thickness of 0.7 nm, thus implying single-
molecule thickness.[157] The tapes quickly formed a stable gel,
which could be denatured to a simple Newtonian fluid by the
addition of sodium dodecylsulfate (SDS), which screens
peptide amphiphilicity and induces the formation of a helices.
From these experiments and previous literature reports, the
research group suggested a set of criteria for the rational
design of gel-forming peptides: 1) cross-strand attractive
forces between side chains, 2) constrained assembly limited
to one dimension by recognition of the lateral b strand, and
3) surface functionality of the tape such that solubility is
maintained during and after assembly.

Zhang and co-workers also observed the assembly of
helical tapelike intermediates into ribbons, fibrils, and fibers
in a concentration-dependent manner with their KFE-8
amphiphilic octapeptide.[158] This system, which yields fibers
of identical chirality and similar dimensions to natural
amyloids, provides a simplified version of the dynamics of
amyloid assembly. In further studies, Vauthey et al. switched
from the KFE-8 alternating-philicity peptide to a head-to-tail
hydrophillic/hydrophobic arrangement such as V6D2 and
found that these relatively inexpensive and functionalizable
peptides assembled into large, hollow, b-sheet bilayer nano-
tubes and vesicles.[159] The Deming research group also
successfully employed the head/tail peptide amphiphile
strategy to obtain tunable, rapidly recovering hydrogels for
potential biotechnology applications.[160]

Aulisa et al. took the rational design of b-sheet-forming
peptide amphiphiles a step further. The peptide K2(QL)6K2,
for example, possesses a bifacial alternating hydrophilic
(glutamine) and hydrophobic (leucine) core, a standard
common cross-b-fibril motif.[161] To limit assembly to one
dimension, the core sequence was flanked by self-repelling
charged lysine (positive) or glutamic acid (negative) residues.
By adjusting the subtle balance between repulsion and
attraction, the authors were able to control gelation through
the pH value and ionic strength modulation, thereby leading
to the formation of highly uniform double-sided cross-b tapes
with lengths on the order of several micrometers, and thus
elegantly demonstrating the biomimetic strategy of molecular
frustration to achieve the controlled assembly of functional
materials with higher order.[61] Further lengthening and
interlocking of the fibers could be achieved by adding
divalent cations to cross-link the flanking acid residues, as
well as by covalent capture of the gel network through
oxidation of the cysteine residues on the exposed hydrophilic
face of the fibers. As with the amphiphilic peptide system
developed by Aggeli et al. , the gels displayed thixotropic
behavior, that is, thinning under shear, but rapidly recovering
stiffness after the removal of shear force. Thus, the gels can be

Figure 7. a) The Lanreotide molecule in the planar b-hairpin conforma-
tion, which is stabilized by the disulfide bridge, the b turn, and
intramolecular hydrogen bonds. b) Intermediates and sequence of the
nanotube self-assembly process. The formation of Lanreotide nano-
tubes is described by a sequence of equilibria between the different
intermediate oligomeric species (monomer, dimer, open ribbons,
helical ribbons, and short nanotubes). Adapted from Ref. [154] with
permission, copyright 2003 National Academy of Sciences, and
Ref. [155], copyright 2010 American Chemical Society.
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injected easily and recover their mechanical properties
spontaneously in situ. Further covalent assembly and en-
hancement of the stiffness of the b-sheet gels was also
achieved in a biocompatible manner by Jung et al. by using
native chemical ligation.[162]

Although the ordered charge in amphiphilic peptides is
promising as a design strategy for biomimetic amyloid-type
materials, there are undoubtedly some applications where the
dimensional restrictions on assembly that are necessary for
solubility are undesired. Various chemically triggered assem-
bly strategies were developed to increase the dimensionality
of the assembly process while maintaining the solubility
necessary for process control. For example, Collier et al.
demonstrated the externally triggered assembly of amyloid-
mimic peptides by the light/temperature-induced rupture of
salt-containing liposomes, which led to the screening of the
repulsive forces in charged peptides and temporal/spatial
control of the aggregation.[163] Cao and Raleigh utilized a
“switch” peptide approach to achieve triggered assembly
(Figure 8).[164] Ser20 of the IAPP (amylin) amyloid forming

peptide was incorporated into the sequence through an ester
bond between the adjacent residue and the serine hydroxy
group, thereby disrupting the hydrogen-bonding system of the
b-sheet core. When the dangling ammonium group of the
amino acid was deprotonated by raising the pH value, rapid
transamidation occurred, which restored the hydrogen-bond-
ing scheme and led to spontaneous fiber formation.[164]

Recently, Bowerman and Nilsson developed a terminal-
cysteine-cyclized KFE derivative.[165] Reduction of the disul-
fide opened the macrocycle, thereby triggering amphipathy-
mediated assembly of filaments.

By incorporating an artificial b-turn unit between two
amyloid-mimic peptides, one may stabilize the resulting
extended cross-b structures. To this end, Kelly and co-workers
used their previously developed cationic peptidomimetic
receptor, which contains a 2,8-dibenzofuryl b-turn mimic.[166]

The authors introduced anionic peptide guests to catalyze
long-range assembly, although under certain conditions the
receptor itself assembled through intercalating b sheets and
stabilizating interactions between cationic and aromatic
functions. Numerous highly amyloid-like fibril morphologies
were observed, the structures of which could be easily
controlled by altering the pH value or ionic strength of the
premix solutions. By employing a similar strategy, Schneider

et al. used a d-Pro-d-Pro artificial turn for the pH-triggered
assembly of b-sheet hydrogels from the MAX1 polypep-
tide.[167]

Since the biomimetic strategies discussed so far for the
assembly of b-sheet fibrils consist of short single- or double-
strand b-sheet-forming sequences, as well as whole protein
polymers, the resulting assemblies are usually either
extremely hard and brittle, as in the case of di(phenylalanine),
or extremely soft, such as MAX1-derived hydrogels. It would
be advantageous to develop an amyloid-mimic system that
incorporates the toughness inherent in the hierarchical
amyloid nanostructure while maintaining the beneficial
tunability and chemical functionality of short peptide bio-
mimetic systems. To this end, Yu et al. devised a convergent
synthetic method to obtain high-molecular-weight peptide
polymers that form b-sheet fibrils, while avoiding the inherent
complexity of bio-engineering. Reasoning that the covalent
linkage of multiple short strand-forming sequences would
entropically favor strong, multiscale hierarchical assemblies,
the authors employed their previously developed 1,3-triazole
turn-forming unit[168] to connect many short, synthetically
accessible alanine repeat blocks through copper-catalyzed
“click” azide–alkyne [2+3] cycloaddition polymerization
(Figure 9).[169] To prevent premature assembly, an acid-labile

dimethoxybenzyl (DMB) amide-protecting group was
required during synthesis. After a pH-triggered cleavage,
the peptide polymers assembled into long, hierarchically
organized fibrils. With further sequence variation and more
controlled processing, the authors expect the modular b-sheet
polymer to yield a tunable range of advanced functional
properties.

Figure 8. The “switch-peptide”-triggered assembly approach. Adapted
from Ref. [164] with permission. Copyright 2010 American Chemical
Society.

Figure 9. a) Cycloaddition-induced folding and self-assembly:
[2+3] cycloaddition leads to the polymerization of a protected peptide
monomer. Upon deprotection, the polypeptides fold into well-defined
antiparallel b strands, and the self-assembly of multiple b sheets forms
hierarchical nanofibrils. b) A representative TEM image of nanofibrils
of the b-sheet polymer and a high-magnification view of one nanofibril.
Reprinted from Ref. [169]
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3.2.2. Functional Materials from Oligomer/Polymer–Peptide
Hybrids

Another pathway to amphiphilic, self-assembling b-sheet
systems is to incorporate a non-peptide tail, which adds
another dimension of assembly control. This approach was
elegantly demonstrated by Hartgerink et al.[170,171] By modu-
lating the repulsive charge balance through the pH value, the
peptide–alkyl conjugates assembled reversibly into uniform
and high aspect ratio fibers, with the b sheets oriented
perpendicular to the fiber axis and the greasy dodecyl tails
packed into the interior. The inclusion of cysteine in the
sequence enabled permanent covalent capture of these
structures through the formation of intermolecular disulfide
bonds. Paramonov et al. further illustrated the importance of
the assembly of cross-b hydrogen bonds close to the fiber
core, as opposed to simple hydrophobic packing, by observing
that selective methylation of amides adjacent to the alkyl tail
prevented assembly of the fibrils. IR spectroscopic studies,
both parallel and perpendicular to the fiber axis, confirmed a
layer structure intermediate between the twisted helix and the
cross-b fiber, thus revealing the molecular basis for both the
axial stability of the nanofibers and elongation along the z-
axis.[172] Recently, Pashuck et al. showed that it is possible to
fine-tune this axial stability (stiffness) by varying the V/A
sequence and thus the degree of hierarchical cooperative
connectivity of the b sheets within the fibril.[173] For further
control of the assembly properties, a photolabile o-nitro-
benzyl protecting group was installed nearest to the alkyl
tail.[174]

Smeenk et al. also used the chimeric approach, this time
with the opposite polarity. The research group expressed a
polyalanine b-sheet core with glutamic acid groups strategi-
cally placed to block post-assembly aggregation along the
wider fibril axis by charge repulsion. PEG blocks were then
conjugated to terminal cysteine residues, thus restricting
assembly to one dimension and resulting in uniform fibrils
several micrometers in length.[175]

By capitalizing on modern controlled polymerization
techniques, several research groups have taken the chimeric
fibrillar assembly strategy a step further. Hentschel et al. used
assembly design triggered by a switch peptide with both
hydrophobic poly(n-butyl acrylate)[176] and hydrophilic
PEG[177] chimeric peptide polymer conjugates to obtain
ordered tape structures in organic and aqueous media,
respectively. Enzymatically triggered assembly was also
demonstrated,[178] as well as nondestructive post-assembly
chemical modification.[179] The same research group then
incorporated oligothiophenes into the assembly system,[180]

with the ultimate goal of generating conducting molecular
wires with controlled nanostructure. The Frauenrath[181, 182]

and van Hest[183] research groups employed a similar strategy
to provide a template for polyacetylene synthesis through the
assembly of b-sheet-forming oligopeptides, thereby resulting
in highly uniform molecular wires formed from amyloid-like
helical tapes.

Despite serious research challenges inherent to such
insoluble systems, substantial progress has been made
toward both the understanding and the mimicking of b-

sheet fibril materials. With further effort it is likely that both
the tunable assembly and high-performance mechanical
properties of this relatively simple nanoarchitecture will
lead to profound technological advances.

4. b-Sheet Nanocomposites

Silk is a remarkable proteinaceous structural material that
has been used in nature for 400 million years, was adapted for
the mass production of silk fiber a few millennia ago, and was
only recently reverse engineered and synthesized in vivo. The
limited availability of this useful class of material during
World War II inspired the design and synthesis of the
“artificial silk” nylon, thus launching the modern revolution
in the development of materials from petrochemical feed-
stock.[184] The fundamental protein building blocks of these
fibrous materials are designed for specific mechanical char-
acteristics, rather than for the catalytic and recognition
functions of most globular proteins, thus making them
intriguing scaffolds for advanced biomaterials.[185] The varia-
ble modular design strategy and environmentally friendly
synthesis make silk an almost universal basis for a wide range
of synthetic materials.[186] The highly repetitive primary
sequence structure and bulk properties of various silk
proteins were recently reviewed.[187]

4.1. Spider Dragline Silk

Many naturally produced structural protein polymer
fibers are classified as silks. The moth Bombyx Mori, for
example, produces a stiff but brittle silk thread for protective
larval cocoons.[188] Spiders are another well-known silk
producer. The silk manufacturing apparatus in spiders has
evolved over hundreds of millions of years, and often the
same organism is capable of “spinning” exceptional fibers
with widely varying mechanical properties, each adapted to a
specific application.[189] In addition to the “dragline” silk that
provides the mechanical support for insect-trapping struc-
tures and a superb lifeline for spider mobility, many spiders,
for example, synthesize an elastin-like silk, which after
spinning, coating with a specific molecular cocktail, and
wetting with water becomes an ideal ballistic trap.[190–192] In
each case the mechanical properties of the silk are a direct
result of the specific polypeptide sequence and extrusion
conditions (Figure 10).

The dragline silk of spiders is one of nature�s true
multifunctional supermaterials (Table 2).[193] Under tension
or compression, it out-performs most man-made materials
(Young�s modulus: 10–50 GPa; elongation to break: 10–30 %;
tensile strength: 1.1–1.4 GPa),[193–195] and it possesses other
advanced properties such as shape memory.[196] The dragline
silk biopolymer has long been studied, since it was identified
early on as an ideal model for biomimetic advanced materials.
As with the other materials described, recent advances in
high-resolution microscopy and spectroscopy, computational
modeling, and processing power have yielded significant
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insight into the molecular mechanism behind the remarkable
properties of silk, much of which was reviewed recently.[197–199]

Although the high b-sheet content of dragline silk was
established early on by X-ray diffraction studies on silk
fibroin,[200] the amino acid sequence of the protein precursor
leading to the strongest and toughest silk fiber, that of major
ampullate silk, was not definitively established until 1990.[201]

Xu and Lewis successfully sequenced a partial cDNA frag-
ment reverse-transcribed from mRNA generated by forced
silking of the common dragline silk model organism nephila
clavipes.[202] The researchers found that the protein sequence
was in general not rigidly conserved, but two clear repetitive
segments were identified: a series of repeating modules of 4–6
alanine residues flanked by 3–4 GGX-type repeats. Thus, the
protein structure resembles a segmented multiblock copoly-
mer.

In a simplistic model, the structure of bulk dragline silk
can be viewed as a semicrystalline material made of
entangled, interacting amorphous protein polymer chains
physically cross-linked and reinforced by strong and stiff
antiparallel b-sheet nanocrystals.[203, 204] These crystallites
comprise 20–35% of the material volume.[205] The presence
of both highly oriented crystallites and weakly oriented
“protocrystals”[206] is essential for the unusually high com-
pressive strength of the silk fiber, possibly to reap the benefits
of a “graded” modulus that reduces the probability of
premature catastrophic failure as a consequence of interfacial

stress. Equally as important is the size of the crystallites, which
are limited to < 10 nm by strategically placed glutamine and
other polar, bulky residues that disrupt long-range crystal
packing. Atomistic simulations by Keten et al. have shown
that this restriction of crystallite size limits the number of
simultaneously loaded hydrogen bonds to approximately four
per sheet, which is the most stable number for interstrand
interactions. By capping the growth at this value, the sequence
design effectively limits the incorporation of defects during
crystallite assembly. Subsequent deformation is thus distrib-
uted evenly, allowing concerted, cooperative failure at the
maximum possible stress.[207]

Although the self-assembled nanoparticle component is
crucial to the ultimate mechanical characteristics of the
composite, it comprises only a minor fraction of the material
volume. In addition to the elastin-like GPGXX motif, the
“soft” GGX repeat segment is a major component of the
hierarchical composite material, and therefore its secondary
structure is highly relevant to the mechanical performance of
dragline silk. The polymer chains of this matrix can be
effectively modeled as amorphous, although local variability
in the modulus of the matrix is essential to model fidelity.
Recent X-ray studies indicate a relatively high degree of
alignment and secondary order within the “amorphous” silk
component, thus leading to the “two-phase” matrix model
proposed by Jelinski et al.[208] From the data, the authors
proposed an extended 31-helix conformation for the GGX
repeat segments, which is consistent with the elongational
flow of the silk gel solution during spinning. This arrangement
allows for efficient but noncrystalline packing through
interstrand hydrogen bonding, which could lead to a signifi-
cant enhancement of the mechanical properties compared to
a purely amorphous matrix, while still maintaining the
conformational flexibility required for elasticity. To further
assess the level of order of this matrix component, van Beek
et al. fed spiders 13C-enriched amino acids and studied the
resulting silks by solid-state NMR spectroscopy with 2D
correlation techniques.[209] After analyzing the torsions of the
a-carbon atoms, the authors found an “order correlation
function” of 0.742, which is in agreement with the “two-
phase” matrix concept. The mechanical properties of the silk
can, therefore, be modeled as a function of the volume
fraction of highly ordered (b-crystallite) relative to less-
ordered (matrix) components.[210]

As a modular self-assembled nanocomposite,[211] the
design of dragline silk enables fine control over the crystallite
size, aspect ratio, and interfacial energy, while avoiding the
conventional roadblocks to ideal mechanical enhancement of
nanocomposites, such as high mixing viscosity and exfoliation
of the particle aggregates. Thus, the spider is able to achieve
the desired balance of initial modulus, tensile strength,
extensibility, and resilience for each specific application.

Unlike man-made high-performance polymers such as
kevlar, which require harsh and environmentally unfriendly
processing conditions,[212] the silk protein polymer hierarchi-
cally assembles into a functional fiber from aqueous solution
at ambient temperatures by using mild chemical and thermal
cues. The literature covering the silk spinning process was
recently reviewed.[198] Unlike the other natural materials

Figure 10. The synthesis of a b-sheet nanocomposite superfiber: the
spinning process and self-assembled morphology of spider dragline
silk.

Table 2: A comparison of the mechanical properties of common high-
strength fibers.[a]

Material Tensile
strength [MPa]

Elongation at
break [%]

Toughness
[MJm3]

Bombyx mori cocoon
silk

600 18 70

Araneus diadematus
dragline silk[b]

1100 27 160

nylon 900 18 80
kevlar 49 3600 2.7 50
high-tensile steel 1500 0.8 6

[a]. Adapted from Ref. [193] with permission, copyright Portland Press
Limited. [b] Spider dragline silk is the toughest known fiber material,
natural or synthetic.
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described in this Review, spider silk is extruded in vivo by a
complex spinning process. Thus, the chemical, mechanical,
and thermal conditions under which the stable pre-spun
solution of the polymer is dehydrated to form a dry fiber (i.e.,
the “processing conditions”) are at least as important to the
final mechanical properties of the silk as the specific primary
sequence of the protein polymer feedstock itself.[213, 214] There
are two primary models for dragline silk spinning: 1) The
protein precursors exist in an ordered, liquid-crystalline pre-
spun state that optimizes dope viscosity and suppresses the
formation of defects during crystallization,[199] and 2) lyo-
tropic partitioning yields intermediate colloidal states,
thereby preventing premature aggregation during assembly
of the crystallites.[215] Both rely on careful spatial control of an
ordered cascade of chaotropic/kosmotropic chemical cues
(such as specific ion concentration and pH) mediated by
special cells lining the spinning duct.

Two recent studies provide key insights to aid our
understanding of the molecular mechanism that directs the
assembly of silk fiber.[216] Their research focused on the role of
the nonrepetitive (NR) N and C termini of the silk-dope
precursor protein, which were found to adopt a rare a-helical-
barrel tertiary structure. Askarieh et al. constructed “mini-
spidroins”, with only four repetitive cosegments between the
termini, to test the hypothesis that the N-terminal NR region
is responsible for triggering the pH-dependent aggregation of
the spidroin.[217] By observing the thermodynamic and chem-
ical stability of the folded protein, as well as the LCST
behavior, Hagn et al. showed that the C-terminal region
serves as the primary spatial director of ordered fiber
formation (Figure 11).[218] Remarkably, both research groups
found that the terminal region of the spidroin is not only
responsible for the ordered assembly of the fiber, but also acts
to delay undesired aggregation and catastrophic precipitation
in the concentrated storage state of the silk dope.

4.2. Spider Dragline Silk Mimics
4.2.1. Recombinant Silk Mimics

Expression of recombinant DNA protein of silk-mimic
protein polymers and its subsequent processing has been

nicely reviewed.[219] The bioengineering approach has allowed
researchers to systematically vary the 1) chain conformation,
2) lamellar thickness, 3) unit-cell structure, and 4) lamellar
surface structure of nanocrystals in a monodisperse
manner.[220] Krejchi et al. used this biosynthetic approach to
perform targeted structure/property studies on isolated b-
sheet nanocrystallite segments, with the aim of mimicking the
high degree of control over the chain architecture and
supramolecular organization exemplified by spider dragline
silk.[221]

Qu et al. subsequently bioengineered a modular protein
polymer incorporating both b-sheet-forming and elastin-like
repeats.[222] For the hard blocks, the soluble amphiphilic
oligopeptide (AEAKEAKAK)2 designed by Zhang et al.[223]

was used to undergo a pH-triggered switching from an a-helix
to a b-sheet conformation. The GPGQQ elastin mimic was
chosen as the soft-block repeat unit. As predicted, the
polymer displayed irreversible hydrogelation through assem-
bly of a b sheet as conditions were adjusted to disfavor the
soluble a-helix structure of the hard-block repeat.[222]

One major challenge of working with larger bioengi-
neered silk mimics is the premature and irreversible aggre-
gation of the alanine-rich segments. To avoid this complica-
tion, Valluzzi et al. engineered a silk protein with strategically
placed methionine residues.[224] These could be oxidized to
increase the polarity of the protein, thereby reversibly adding
a polar sulfoxide in place of an otherwise hydrophobic
residue. The authors found that the methionine trigger, once
reduced to induce assembly of the aggregate, did not interfere
with the silk assembly process, thus allowing facile manipu-
lation of the otherwise intractable silk protein. In addition,
unlike native silk and most mimics, the assembly could be
reversed by reoxidation of methionine.[225] As these triggering
conditions are relatively harsh, Winkler et al. installed serine
phosphorylation/dephosphorylation sites to yield a milder
enzymatic assembly signal.[226]

Nagapudi et al. took an alternative approach, deviating
substantially from the natural design by engineering an ABA
(hard-soft-hard) polypeptide silk mimic with three large
blocks rather than multiple short segments, analogous to
polystyrene-b-polybutadiene-b-polystyrene systems. This
“protein thermoplastic elastomer” could be cast into mechan-
ically robust films, whose properties such as strength, tough-
ness, and extensibility could be easily controlled by varying
the process parameters of solvent, temperature, and
pH value.[227]

Researchers attempting to produce engineered high-
fidelity dragline silk mimics on an industrial scale face
additional challenges. For example, the repetitive nature of
the sequence prevents the use of PCR, and the codon
arrangement makes prokaryotic expression difficult.[228] In the
1990s, researchers at DuPont successfully cloned and
expressed complete dragline silk genes in a bacterial
vector,[229] which—by using modern microfabrication tech-
niques—enabled spinning processes that incorporated vary-
ing degrees of mechanical and chemical control.[230] Lazaris
et al. achieved a significant breakthrough by using mamma-
lian cells to produce high-mass, soluble silk protein polymer
mimics in the milk of transgenic goats.[231] However, the low

Figure 11. The key organizing role played by the nonrepetitive (NR)
domain of silk fibroin during the intricate process of silk-fiber
assembly. Reprinted from Ref. [218] with permission. Copyright 2010
Nature Publishing Group.
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yield and aggregation during storage prevented the realiza-
tion of commercially viable silk-mimic materials using this
approach. Recently, Huemmerich et al. employed a combi-
nation of solid-phase DNA synthesis and PCR to obtain genes
suitable for high-yield expression in E. coli, thereby circum-
venting the inherent synthetic challenges discussed above.[232]

In addition to performing structure/property studies on the
nonrepetitive domains, as discussed above, the authors
developed a biomimetic spinning process which could poten-
tially lead to the best mechanical properties of synthetic silk
fibers.[233]

4.2.2. Hybrid Silk Mimics

Despite long-standing interest in the development of
spider dragline silk mimics, the inherent challenges associated
with controlling the crystallization of b-sheet peptides and the
importance of the complex spinning process make this an
extremely challenging prospect. Noting the conceptual sim-
ilarity between synthetic thermoplastic elastomers and the
dragline silk design, Rathore and Sogah took advantage of
AA +BB diamine/diisocyanate type polymerization to com-
bine short b-sheet-forming AGAG repeats with different soft
PEG regions.[234] In situ formation of isocyanates from PEG
diacids followed by condensation afforded high-molecular-
weight polyureas (8–16 kDa) in good yield. Simple casting of
concentrated trifluoroethanol solutions resulted in micro-
phase-separated films with a high b-sheet content as deter-
mined by AFM, FTIR and 13C NMR spectroscopy, as well as
X-ray diffraction. In subsequent tensile tests, the research
group observed promising mechanical properties—about an
order of magnitude weaker than spider silk (in the absence of
any processing optimization). Shao and co-workers used a
similar approach, with both a short aliphatic spacer[235] and a
longer polyisoprene soft block, which also yielded polymers
with a high b-sheet content.[236]

Despite these elegant studies, the design of a synthetic
polymer that can imitate both the structure and mechanical
properties of spider dragline silk remains a major challenge. It
will require a careful consideration and subtle balancing of
the various molecular parameters that control polymer
secondary structures to achieve optimal mechanical proper-
ties.[237] In addition, the fiber spinning process is extremely
important for obtaining the desired mechanical character-
istics.[238, 239] Further progress in this area will likely come from
close collaborations between chemists, biologists, materials
scientists, and engineers.

5. a-Helix-Based Fibers

5.1. Natural a-Helix-Based Hierarchical Fibers

The a helix is one of the most important secondary
conformations of peptide/protein polymers. Pauling et al.
opened the door to the modern elucidation of protein
structure with their presentation of the proposed a-helix
structure in 1951.[240] From a materials science perspective, the
springlike molecular structure is simple and compelling. a-

Helical hierarchically assembled fibrous proteins, such as
vimentin and keratin, play a key structural role as the “truss”
design elements of the eukaryotic cell—maintaining the
mechanical integrity of the cell under stress[241]—and forming
the structural basis of strong, robust bulk materials such as
hair, horn, and hoof.[242]

At its core level of hierarchical structure, the a helix is
based, like many of the protein material systems described in
this Review, on the O···H�N hydrogen bond. The next level,
the 3.6 residues per complete helical turn, contains three of
these hydrogen bonds, and many turns arranged in tandem
form the a-helical filament.[243] Filaments of this type can
further assemble into dimers or “coiled coils.” For example,
the cytoskeletal intermediate filament (IF) vimentin is a
homodimeric “coiled coil” of two a-helical proteins. The
dimer is polarized, with a “head” and “tail”, and this
orientation, combined with short exohelical protein folds,
encodes the ultimate assembly of long-range, mechanically
robust fibrils.[244, 245]

Unlike synthetic materials, where even small defects or
cracks typically lead to orders of magnitude reductions in
mechanical strength, natural materials such as hair possess a
remarkable tolerance to defects. Recently, molecular dynam-
ics simulations on idealized a-helix networks demonstrated a
similar behavior, as a result of the concerted reversible
rupture of the three hydrogen bonds of the helical turn. This
unfolding event travels along the filament in an “elongation
wave”, dissipating energy and revealing hidden length, until
the helix is completely uncoiled, and the stress is passed along
the network to the next a-helix module. The organization of
these helical modules into hierarchical nanostructures results
in materials with both high strength and excellent tolerance of
defects.[34]

When two of these helices are assembled into a coiled coil,
the resulting materials display “superelasticity”, that is, they
are capable of sustaining large deformations at high strengths.
This behavior is analogous to the increase in rope strength
with an increasing number of constituent braids. Additionally,
coiled-coil a-helix dimers possess a nonlinear stress/strain
response, known as strain hardening, above the behavior
expected from a random coil entropic spring or single helix.
This phenomenon has been attributed to an a–b transition,[246]

which was observed in X-ray studies on strained keratin
fibers.[247,248] Essentially, as the proximal a helices unfold, a
solvophobic driving force induces the two strands to redi-
merize, this time in a stiff b-sheet conformation.

Recently, Waite and co-workers identified a new supere-
lastic coiled-coil material in the egg sac of the channeled
whelk Busycon Canaliculum. Remarkably, unlike keratin,
which shows only slow recovery, the bio-encapsulant sponta-
neously recovered its original a-helical dimer structure after
release of the stress, spontaneously reversing the a–b

transition (Figure 12).[249] By using this mechanism, the
material combines high modulus, reversible extensibility,
and impact/energy dissipation properties, which are ideal for
insulating damage-prone tissues. The authors were further
able to show that the material conforms to the Clausius–
Clapeyron free energy relation for polymer fibers under
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stress, thus proving the previously hypothesized existence of a
truly enthalpic, rather than entropic, form of elasticity.

5.2. a-Helix-Based Mimics
5.2.1. a-Helix Model Systems

The coiled-coil a-helix motif represents a powerful design
strategy for biomimetic hierarchical materials. The dimeriza-
tion of short a-helical peptide segments is among the most
prevalent driving forces for protein folding, and is thus crucial
to many important biological processes. As a result, the
fundamental structure/property relationships governing the
kinetics and thermodynamics of the assembly of coiled coils
have been extensively studied,[250–254] which has led to a rare
and well-defined set of methods for the design of hierarchical
materials.

The research elucidating the core parameters of coiled-
coil assembly is well-reviewed.[255–258] Briefly, the structure was
proposed by Crick[259] to consist of two right-handed a helices
wrapped around each other with a slight left-handed super-
helical twist. The sequence, elucidated by Hodges et al.[260] as
well as McLachlan and Stewart,[261] consists of periodic
repeating amphipathic heptad modules, defined as positions
(abcdefg)n. As revealed by O�Shea et al.,[262] the “inside-
group” positions a and d face into the supercoil, and provide
the primary driving force for dimerization (Figure 13).[263]

These positions typically encode the hydrophobic “leucine-
zipper” core of the coiled-coil “peptide velcro”,[264] although
buried polar residues such as arganine and asparagine are
often included to control the specificity and orientation.[265]

Positions e and g are typically charged amino acids that
mediate intra- and interhelical electrostatic interactions, and
thus the equilibrium between dimers, trimers, and higher
oligomers,[266, 267] and are often arranged to destabilize unde-
sired pairings. The pH-dependent nature of these charged
positions enables a convenient trigger for external control of
peptide dimerization. Positions b, c, and f make up the

“outside group”, and facilitate the nondestructive placement
of solubilizing functionality for model dimers and offer a
convenient handle for the programming of further hierarch-
ical assembly. Extensive computational[268–271] and biologi-
cal[272,273] studies have been carried out to elucidate the
“interactome”,[274] a comprehensive set of molecular a-helix
“tectons”[275] that self-assemble from complex mixtures with
limited cross-talk, and thus hold promise for the design of
complex, hierarchical structural networks.

5.2.2. Hierarchical a-Helix-Based Materials

Petka et al. were among the earliest to take advantage of
the leucine-zipper coiled-coil motif in the controlled synthesis
of functional biomimetic materials.[276] By using recombinant
protein engineering, they synthesized a triblock protein
polymer consisting of a coiled-coil hydrophobic zipper
assembly module flanked by hydrophilic random-coil poly-
electrolyte domains, thereby allowing independent engineer-
ing of interchain and solvent interaction parameters. The
triblocks were then further polymerized by oxidation of
terminal cysteine residues. Most of the e and g positions of the
helical heptad modules were populated with glutamic acid,
which destabilized the coiled-coil structure in basic solution,
thus facilitating pH control of gelation.

Formation of higher-order fibrils from designed coiled-
coil peptides was observed by Kojima et al.[277] Initially
intended to form simple coiled-coil bundles, the a3 peptide
was found to assemble into fibers made up of smaller fibrils
oriented along the long axis of the fibers when the salt
concentration was elevated. While hydrophobic effects were
assumed to provide the major driving force for the higher
assembly, the authors suggest that charge-screening-mediated
reduction of electrostatic repulsion between filaments must
also play a role.

Figure 12. Schematic diagram of the a-helix to b-sheet transition
during straining. This enthalpic, rather than entropic, mechanism
leads to high energy dissipation and rapid recovery, an indispensable
combination of mechanical properties for life in the tidal zone.
Adapted from Ref. [249] with permission. Copyright 2009 Nature
Publishing Group.

Figure 13. Schematic representation of a parallel dimeric coiled coil.
a) Top view: arrangement of the heptad positions. b) Side view: the
helical backbones are represented by cylinders, the side chains by
knobs. Whereas residues at positions a and d make up the hydro-
phobic interface, residues at positions e and g pack against the
hydrophobic core. They can participate in interhelical electrostatic
interactions between residue i (position g) of one helix and residue
(i’+5) of the other helix (position e’), as indicated by the hatched bars.
Adapted from Ref. [263] with permission. Copyright 2000 Elsevier.
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Following this early study, several research groups became
engaged in the de novo design of higher-ordered fibrils from
short a-helical coiled-coil peptides. Potekhin et al. developed
the aFFP (a-fibril-forming) peptide,[278] reasoning that multi-
ple identical heptad repeats could facilitate the fibril-like
assembly of elongated bundles through axially staggered
association because of the possible offset of one or more
heptads. To increase the thickness of the fibrils, alanine was
placed at position e, where hydrophobic residues are known
to encourage four- and five-stranded coiled coils. Glutamic
acid and arginine were placed in positions f and g to
encourage the formation of interhelical salt bridges between
f and g’, again biasing the assembly in favor of thicker, five-
stranded coiled coils. Finally, glutamine residues were placed
in positions b and c to form an interhelical hydrogen-bonding
network. X-ray diffraction studies showed that this novel
peptide yielded uniform soluble fibrils with a diameter of 2.5–
3 nm, consistent with the five-stranded coiled-coil design
made up of axially oriented a helices. Further studies using
STEM to determine the mass-per-unit-length of the fibrils
found that the cross-sections contained ten a helices, thus
suggesting that the final fibrils are in fact dimers of five-
stranded protofilaments, a structure that would enable the
formation of an extensive interbundle hydrogen-bond net-
work between the glutamines in the b and c positions.[279] The
authors note that although the design was intended to yield
fibrillogenesis at neutral pH, it in fact only occurred below
pH 6, thus suggesting an overestimation of the importance of
the f–g’ salt bridge. By simple substitution of glutamic acid
with serine, extended, ordered fibrillogenesis was observed at
neutral pH.[280] Conticello and co-workers further elaborated
this model[281] by incorporating a reversible pH-sensitive
trigger for assembly inside the hydrophobic core by substitu-
tion of three isoleucine residues with histidine.[282] This
configuration also enabled the selective ion-induced assembly
of fibrils.[283,284]

Rather than rely on adventitious staggering of homo-
oligomers, the Woolfson research group designed a staggered
heterodimer that forms a coiled-coil structure with dangling,
“sticky” ends to overcome the “blunt-ended” barrier to
further coiled-coil assembly (Figure 14).[285] These self-assem-
bling fiber peptides, SAF-p1 and SAF-p2, are based on a
natural hexa-heptad 42-mer coiled-coil sequence. SAF-p1 was
truncated by two heptads at one end, and SAF-p2 by two
heptads at the other, with the core hydrophobic coiled-coil
functionality retained in the center of both peptides. The
authors found that mixtures of the two resulted not only in the
desired longitudinally assembled fibrils of axially oriented
a helices, but also in substantial lateral assembly into larger
fibers that could be covalently trapped by thioester-based
ligation.[286] One possible explanation for higher assembly is
that, as the fibrils elongate, cooperatively strong interfibril
interactions can arise from individually weak associative
functionality (avidity effect). Indeed, computational models
suggest that the designed staggering of parallel, “sticky-
ended” coiled-coil dimers would result in alternating patches
of charge that could lead to further assembly.[285] The second
generation SAF peptides was thus designed to increase the
stability and thickness of the fibril through strategic place-

ment of complementary charged residues winding around the
exterior of the two coiled-coil peptides, thereby resulting in
striated, uniform fibrillogenesis reminiscent of that found in
intermediate filaments.[287, 288] The research group also
employed bent,[289] branched,[290] and hyperbranched[291]

sticky-ended monomers to yield controlled two- and three-
dimensional fiber morphology, in contrast to previous systems
which formed linear, nonbranched fibers exclusively.

One difficulty in achieving higher-ordered aggregates
from de novo synthesized coiled-coil structures is that these
synthetic sequences are often significantly shorter than those
found in natural a-helical fibril/fiber-forming peptides, and
thus form inherently weaker interactions. One strategy to
overcome this challenge involves covalently connecting two
coiled-coil-forming motifs. Wagner et al. followed this
approach by connecting two GCN4 di-heptads with a di-
alanine spacer to afford high-mass, oriented a-helix fibers.[292]

Lazar et al. incorporated naturally occurring b-turn units
between the di-heptads, thereby leading to the intramolecular
formation of coiled coils and further assembly to form “cross-
a”-type fibrils, with the helices aligned perpendicular, rather
than parallel, to the fibril axis.[293] The authors found that only
proline-containing turn sequences resulted in the fibril
inducing formation of a coiled coil, whereas more flexible
natural turn units and a PEG spacer did not.

Dong and Hartgerink attempted to find the minimum-
length sequence required to form fibrillar coiled-coil assem-
blies by stabilizing the short di-heptad coiled coils by the
placement of double hydrogen-bond-forming glutamic acids
at e–g’.294] While fibrils formed initially, they were unstable,
converting into amyloid-like cross-b structures over time.
Thus, the introduction of an additional heptad repeat was
required to form stable fibers. The same research group

Figure 14. Design and sequences of the self-assembling fiber (SAF)
peptides. a) Concept of a sticky-end assembly process together with
the designed amino acid sequences. Complementary charges in
companion peptides direct the formation of staggered, parallel hetero-
dimers; the resulting “sticky ends” are also complementary and
promote longitudinal association into extended fibers. b) The resulting
periodically banded fibrils. Adapted from Ref. [285] with permission,
copyright 2000 American Chemical Society, and Ref. [287].
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showed that a long, sticky-ended, or covalently linked coiled-
coil design is not required for the formation of fibrils, as
substitution of lysine or tyrosine residues at the exterior b and
f positions were sufficient to yield stable fibers of homo-
oligomeric tri-heptads.[295] However, no X-ray data was
provided to rule out cross-b formation. Pagel et al. developed
a tetra-heptad capable of switching between the two fibril
motifs (b sheet/a helix) that enabled the systematic study of
the factors governing the final form of secondary/tertiary
structure.[296]

While substantial progress has been made toward both the
understanding and application of a-helical coiled-coil hier-
archical biomimetic materials, many hurdles still exist to
realizing high-performance structural materials based on
these building blocks. Interesting avenues of development
include non-heptad repeats (e.g., hendecad, 11 amino
acids)[297, 298] photocontrol of coiled-coil dimerization,[299] and
a stress-induced a–b transition.[300] One major challenge
facing non-bio-engineered synthetic systems is the poor
coiled-coil stability of short oligomerized heptad repeat
units. A possible, as yet unexplored, approach might be to
take advantage of either covalent[301, 302] or chelated[303] “helix-
stapling” strategies, with the goal of improving the initial
folding stability of shorter peptides and increasing the
number of designer interaction handles on the exterior of
the coiled-coil structures.

6. PPII Helix-Based Fibers

6.1. PPII Helix-Based Hierarchical Fibers

Collagen is the essential mechanical building block of the
musculoskeletal system.[304] It is the fundamental unit of
tendon, provides the mineralization scaffold for bone, and is
the key mechanical component of the extracellular matrix.[241]

The mechanical properties of collagen are characterized by
excellent resilience at small strains and exceptional toughness
at larger deformations.

The core molecular structure (Figure 15) of collagen is the
X-Y-G repeat unit (typically proline-(hydroxy)proline-gly-
cine), which adopts a left-handed polyproline type II (PPII)
helix conformation, three of which assemble to form the
tropocollagen (TC) right-handed helical AAB or ABC
heterotrimer.[305–310] Although the mechanism is not com-
pletely understood, the unexpectedly high stability of this
AAB triple helix relative to other combinations is thought to
be due to extensive intermolecular water-mediated hydrogen
bonding[311–314] enabled by the trans/exo OH groups of the
hydroxyproline residues. However, the electron-withdrawing
and steric effects of these hydroxy groups have also been
implicated,[315–317] and a model suggesting the importance of
kinetic effects has been proposed.[318]

Compared to the coiled-coil a-helix protofibrils of keratin
and vimentin, assembly of the PPII triple helix yields a more
elongated, compacted rodlike unit with a denser network of
interhelical hydrogen bonds (the so-called Rich-Crick hydro-
gen bond connecting the glycine NH group of one PPII helix
with the C=O group of a proline (X) on an adjacent chain).

The resulting protofibril assembly precursor is, therefore,
designed for short-range elasticity, strength, and toughness
rather than recoverable extension. The lack of side-chain bulk
on the glycine residues provides space to allow the formation
of the tightly packed triple helix, and the substitution of a
single alanine for glycine in the central region of the peptide
dramatically reduces the stability of the triple helix.[319] The
TC modules then self-assemble through structural electro-
static[320] and entropic signals,[321–323] starting with a parallel,
aligned, staggered spiral of five TC units per complete helical
turn, extending with a distinct “pointed-end” morphology,
and ultimately yielding a micrometer-scale elongated
fibril[324–326] with a characteristic banded microstructure.
During this process, permanent ionic[25,327, 328] and/or cova-
lent[329] bonds are formed between the TC subunits. Finally,
several of these fibrils are encapsulated in a glycol–protein
matrix to yield the load-bearing fibers.

The combination of extreme tensile strength and sub-
stantial extensibility which characterizes collagen-based
materials can be traced to the semicrystalline, but still
somewhat liquid,[330] nature of the collagen fibril.[331] The
three deformation mechanisms afforded by the hierarchical
nanostructure of collagen fibers—1) intermolecular shear, as
a uniform viscous shifting of the relative fibril positions leads
to a deviation from the linear elastic response, 2) permanent
plastic deformation through slip-pulse propagation, and
finally 3) fracture of individual TC molecules—yield extreme
toughness and defect tolerance, as exemplified by leather and
mussel byssal thread.[332, 333]

6.2. PPII Helix-Based Mimics
6.2.1. PPII-Helix Model Systems

The simple repeating sequence of tropocollagen proto-
helices is well known, and thus simple mimics such as (Pro-
Pro-Gly)n and (Pro-Hyp-Gly)n are readily accessible. Much of

Figure 15. Schematic view of the modular, hierarchical design of
collagen, ranging from the PPII structure at the nanoscale up to
collagen fibers at the micrometer scale. Reprinted from Ref. [333] with
permission. Copyright 2008 National Academy of Sciences.
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the research on these collagen mimic peptides has focused on
the determination of the structure of AAA homotrimers, with
the goal of understanding the mechanism of stabilizing the
triple helix and thus the structural basis of collagen-related
disease states.[334–349]

One well-explored approach to stabilizing the triple helix
is to attach the peptide precursors to a covalent scaffold that
limits chain dynamics.[350] This drives the monomer/oligomer
equilibrium in the desired direction by removing the principle
entropic barrier to trimerization. Thus, shorter, more syn-
thetically accessible peptides can be employed in these model
systems. Early examples of scaffolds include lysine dimers
derived from aminohexanoic acid[351–354] and 1,2,3-propane-
tricarboxylic acid.[355] Goodman and co-workers further
expanded the template-assisted triple-helix-inducing toolkit
with a set of more versatile scaffolds, such as cis-1,3,5-
trimethylcyclohexane-1,3,5-tricarboxylic acid-Gly-OH
(KTA),[356–358] tris(2-aminoethyl)amine)-(suc-OH)3

(TREN),[359] and b-Ala-TRIS,[360, 361] the latter derived from
the tris(carboxyethylhydroxymethyl)aminomethane mono-
mer of Newkome and Lin (Figure 16).[362] They used these

templates to explore the incorporation of peptoids into
collagen mimics, and observed that N-isobutyllysine (NLeu)
projected its steric bulk outward and did not disrupt assembly
of the triple helix when substituted for proline in the triad
repeats; such an exchange should provide a measure of
protection from protease-induced degradation in eventual
biomaterial applications.[363–366] The same research group
demonstrated the feasibility of triple-helix templating trig-
gered by metal complexation by using catechol-terminated
peptides,[367] by following similar studies to those of Koide
et al. , who employed a bipyridine (bpy) motif.[368]

In pursuit of greater fidelity with the natural system, as
well as more versatile scaffolds for potential further assembly,
Guaba and Hartgerink developed a series of decatriad
tropocollagen mimics that spontaneously assemble into
AAB and ABC triple helices through ionic interactions
between the amino acids.[369] Notably, peptides (EOG)10 and
(PRG)10 exclusively formed highly stable (Tm> 54 8C) heter-

otrimers from 1:1 mixtures, despite the fact that the individual
peptides are not capable of forming stable triple helices
because of the lack of proline-derived conformational restric-
tion. Additionally, stable ABC triple helices self-assembled
from 1:1:1 mixtures of the two oppositely charged peptides
and the standard neutral repeat peptide (POG)10, likely
because of overall charge neutralization. The authors also
found that, unlike most TC mimics, the non-proline substi-
tutions were tolerated at both the X and Y positions of the X-
Y-G triad.[370] The stability of this type of ABC heterotrimer is
comparable to that of the classic homotrimeric neutral
(POG)10 tropocollagen mimic, thereby allowing comprehen-
sive, high-resolution NMR conformational analysis.[371] In
previous systems, the partial unfolding[372] and/or lack of
specificity with respect to composition[313] or register[373]

complicated such studies. The power of this system was
demonstrated when charged flanking regions were also
employed to study the effect of glycine mutations on a
central type I collagen sequence with a well-defined hetero-
trimeric composition.[374] Recently, the research group
reported a similarly selective, highly stable assembly of an
AAB heterotrimer by mixing one + 10 (PRG)10 and two �5
(EOGPOG)5 peptides (Figure 17).[375]

6.2.2. Hierarchical PPII-Helix-Based Materials

The biocompatibility and excellent mechanical properties
of collagen has resulted in great interest in expanding from
simple models to viable biomimetic materials based on the
assembly of higher-order fibers of TC protofilament mimics.
One simple approach is to polymerize preformed deca-(X-Y-
G)-tripeptides. Paramonov et al. accomplished this by native
chemical ligation,[376] while Kishimoto et al. employed opti-
mized EDC coupling conditions,[377] with both methods
resulting in relatively monodisperse fibrous morphologies.

Kotch and Raines used strategically placed cysteine
residues which spontaneously templated the formation of
out-of-register triple helices from short X-Y-G repeating
peptides, thereby leading to further “sticky-end”-mediated
thermodynamic self-assembly.[378] Cejas et al. drove the
assembly of TC mimics by incorporating phenylalanine and
pentafluorophenylalanine residues at the termini, which led
to the spontaneous supramolecular formation of fibrils

Figure 17. A combination of peptides that follow the canonical (X-Y-
Gly)n amino acid repeat in a 2:1 ratio, in which the more abundant
peptide has a charge �1/2 of the other, results in the formation of an
AAB heterotrimeric collagen helix. Reprinted from Ref. [375] with
permission. Copyright 2010 American Chemical Society.Figure 16. Template designs for triple-helix-inducing scaffolds.

Reprinted from Ref. [362] with permission. Copyright 2002 American
Chemical Society.
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through the hydrophobic effect.[379] Przybyla and Chmielew-
ski realized lateral assembly of TC-mimic homodimers by
incorporating an ion-chelating bipyridyl group in the center of
the peptide.[380] Longitudinal assembly was accomplished by
the inclusion of triacid and diimidazole chelators at either end
of the modules of the TC mimics.[381] Controlled assembly
with reproducible particle size could be accomplished by
varying the concentration of the metal ion, and disassembly
was conveniently accomplished by the addition of EDTA. A
combination of lateral and longitudinal assembly inducers
was used to generate fibrous films with controlled morphol-
ogy.[382]

Finally, Rele et al. achieved the first and only case of
collagen-like D-periodic spacing after assembly of fibrils of a
charged homotrimeric TC mimic. This remarkable success
was accomplished simply by incorporating a positively
charged arginine residue in the Y position of the first four
triad repeats of a synthetic 24-mer, and a glutamic acid in the
X position of the last four, which flanks a simple POG
tetratriad, thereby leading to electrostatic collagen-like
assembly.[383]

While significant advances have been made towards
collagen-like biomimetic materials, substantial challenges
remain, mostly in the area of controlled assembly, as there
is limited flexibility in the sequence design and chemical
functionality of the primary and secondary building blocks.
One avenue that may bear fruit is the potential use of
polyureas and other well-studied, synthetically accessible
helical foldamers,[384] as well as glycosylated hydroxproline
derivatives.[385]

7. Tertiary Folded Domain

7.1. Titin Model of Modular Polymer Domains

The repeating modules of the biopolymers examined in
the previous sections are all based on the secondary structures
of folded peptides, including b turns/spirals (elastin), b sheets
(amyloid, silk), a helices (vimentin), and PP-II helices
(collagen). In this section, we will examine modular biopo-
lymers in which the repeating modules are folded tertiary
protein domains.

Mechanochemical transduction plays an essential role in
living systems. Many mechanosensitive proteins have modu-
lar domain structures with tandem arrays of tertiary folded
protein domains. At the microscopic level, cells can sense and
transduce a wide range of mechanical forces into distinct sets
of biochemical signals that ultimately regulate cellular
processes, including adhesion, proliferation, differentiation,
and apoptosis.[241, 386, 387] At the macroscopic level, mechano-
chemical transduction enables a wide variety of physiological
processes, including the senses of touch and hearing as well as
balance and muscle contraction.[388–390]

To cope with constantly changing external mechanical
stimuli, nature has evolved a broad range of polymeric
materials with embedded mechanosensitive motifs that show
stress-responsive adaptive and dynamic properties. For exam-
ple, fibronectin, an important extracellular matrix (ECM)

protein for cell mechanotransduction, mechanically couples
the ECM of cells to the cytoskeleton through integrins.
Studies have shown that mechanical force can partially unfold
the fibronectin modules to induce conformational changes in
the cell-recognition sites, expose cryptic binding sites, and
change the distance between synergistic binding sites.[386,391]

Therefore, mechanical stress on ECM can regulate the
binding of different integrins, which further initiates down-
stream intracellular signaling cascades.

A marvelous example of the design of modular domains is
demonstrated in the skeletal muscle protein titin, a giant
protein (3000 kDa, 1 mm long) of the muscle sarcomere
(Figure 18). Titin is composed of 300 modules in two motif
types, immunoglobulin (Ig) and fibronectin type III
domains.[392, 393] Whereas actin and myosin are motor proteins
responsible for muscle contraction, titin contributes to the
mechanical strength, toughness, and elasticity of the
muscle.[394–396] Single-molecule studies have shown that titin
exhibits a remarkable combination of high mechanical
strength, fracture toughness, and elasticity.[119, 397–401] Further
studies have revealed that the combination of these proper-
ties in titin arises from its unique modular domain struc-
tures.[402–407] Sequential unfolding of the domains results in the
saw-tooth pattern in the force/extension curve, which pro-
vides the molecular basis for the combined high strength, high
fracture toughness, and elasticity of these materials. Many
cell-adhesion proteins,[408] such as fibronectins and cadherins,
share the same tandem domain structure as titin.

The mechanisitic explanation for the exceptional combi-
nation of mechanical properties in modular biopolymers can
be visualized in terms of the different tensile properties of 1) a
short chain or a rigid rod, 2) a long chain with multiple
domains, and 3) a regular random-coil polymer.[406] For a short
chain or a rigid rod, the force rises rapidly with relatively
small extension, and the energy required to break the chain is
small, thereby making it brittle. In contrast, a regular random-
coil long-chain polymer can undergo much larger extension;
however the material is relatively soft near maximum
extension. Unlike either of these two, with a long polymer
composed of a tandem array of modules folded by accumu-
lative weak forces, such as the structure of titin,[377–382] the
force rises quickly with extension, as with the short chain.
However, when the force reaches a significant level, the
tandem folded modules will sequentially unfold, thereby
revealing hidden length, dissipating energy, and preserving
the integrity of the covalent chain. The result is a large force
sustained over the whole extension, which makes the polymer
strong, along with a large area under the force/extension
curve, thus making it tough as well.[406]

As a representative example of tandem modular mecha-
nosensitive proteins, titin demonstrates a fascinating strategy
to combine high tensile strength, toughness, and elasticity by
using a modular domain design. By repetitive breaking of the
reversible secondary interactions buried in each domain, the
polymers can absorb a very large amount of energy without
breaking the covalent bonds. This tandem domain design
appears to be a general mechanism used in nature to achieve a
combination of mechanical properties, and has been observed
in many other biological macromolecules that play mechan-
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ical roles.[409] Besides titin, a number of other proteins with
tandem domain structures have been investigated by
SMFS.[394, 410–420]

7.2. Titin Mimics
7.2.1. Biosynthetic Titin Mimics

Li designed tandem-repeating titin mimics, replacing the
I27 domains of titin with protein modules that have no known
mechanical roles in biological systems.[421] The authors found
that polyproteins of the GB1 b-a-b motif (GB1 is the
streptococcal B1 immunoglobulin-binding domain of prote-
in G) displayed a nearly ideal combination of mechanical
properties at the single-molecule level, such as rapid, high-
fidelity folding kinetics, low mechanical fatigue, and the
ability to refold under residual stress.[422] They further probed
the tunability of the system, successfully engineering
increased mechanical stability into the GB1 domain by
careful incorporation of ion-binding sites, as opposed to
simple thermodynamic stabilization of the protein.[423] After a
leucine-zipper-type construct had been added to each side of
the synthetic modular domain protein, the polymer sponta-
neously formed hydrogels.[424] Recently, this research group
successfully designed an artificial elastomeric protein that
mimics the molecular architecture of titin through the
combination of GB1 and resilin.[425]

Guzman et al. recently reported a titin-mimicking multi-
domain poly(protein) with high mechanical strength.[426]

Through a combination of bioinformatics screening, steered

molecular dynamics (SMD) simulations, protein engineering,
and SMFS, a macrodomain protein with mixed a + b topology
was discovered to have exceptional mechanical stability. The
unique architecture of the macrodomain protein is defined by
a single seven-stranded b sheet, in the core of the protein,
flanked by five a helices. Unlike other mechanically stable
proteins studied thus far, the macrodomain provides the
distinct advantage of having the key load-bearing hydrogen
bonds buried in the hydrophobic core, thus protected from
water. This feature allows direct measurement of the force
required to break apart the load-bearing hydrogen bonds
under locally hydrophobic conditions. SMD simulations using
constant velocity and constant force methods predicted an
extremely high mechanical stability of the macrodomain.
SMFS experiments confirm the remarkable mechanical
strength of the macrodomain, with a rupture force as high
as 570 pN measured (Figure 19), which is twice as high as the
rupture force for the titin I27 domain under a comparable
pulling rate. Furthermore, selective deletion of shielding
peptide segments allowed the authors to examine the same
key hydrogen bonds under hydrophilic environments in which
the b strands are exposed to solvent, and thus verify that the
high mechanical stability of the macrodomain results from
shielding of the load-bearing hydrogen bonds from competing
water. This study reveals that shielding water accessibility to
the load-bearing strands is a critical molecular determinant
for enhancing the mechanical stability of proteins. It also
demonstrates that it is feasible to identify and engineer
proteins that serve no mechanical functions in nature to have
mechanical stability superior to natural mechanical proteins.

Figure 18. Titin is a 3000 kDa repeating modular tertiary-folded-domain protein that provides the core “suspension system” functionality for the bulk
hierarchically assembled muscle machinery. The characteristic “saw-tooth” pulling profile of single titin molecules is directly responsible for the excellent
strength, toughness, and elasticity found in mammalian muscle. Adapted from Ref. [400] with permission. Copyright 1997 American Academy for the
Advancement of Science.
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7.2.2. Chemically Synthesized Titin Mimics

Guan and co-workers used titin as a model system to
develop a series of biomimetic polymers containing reversibly
unfoldable modules with the aim of addressing a fundamental
challenge in material design: to combine the three most
fundamental mechanical properties—tensile strength, frac-
ture toughness, and elasticity—into one structure.[427] In
addition, the research group is interested in introducing
dynamic and adaptive properties into synthetic polymeric
materials to mimic natural systems.[168, 428, 429]

The designs of synthetic modules are based on the careful
examination and mechanistic understanding of the mechan-
ical stability of titin. The Ig domain of titin exhibits a double
b-sheet architecture. Molecular modeling and single-mole-
cule studies indicate that the load-bearing region has six
hydrogen bonds between b strands A’ and G, which play a
critical role in the mechanical stability of the protein.[399,408]

The mechanical unfolding is a two-stage on/off process: once
the load-bearing hydrogen bonds are ruptured, the remaining
part of the protein unfolds rapidly. From a simplisitic view-
point, the protein can be imagined to have a “zipper” to hold
the load and a “loop” that rapidly unfolds once the zipper is
ruptured.

Based on this analysis, Guan et al. first designed a
modular polymer having loops folded by strong hydrogen
bonds. In this design, a strong quadruple hydrogen-bonding
motif, 2-ureido-4-pyrimidone (UPy), was employed to direct
the formation of loops along a polymer chain. Developed
initially by Meijer and co-workers,[430] UPy has been
employed as a popular supramolecular motif for various
materials applications because of its strong self-dimerization
constant.[431–434] Based on the magnitude of the dimerization
constant, the free energy required to break the UPy dimer is
more than 11 kcal mol�1, which is comparable to protein-
unfolding energy and lower than typical covalent-bond
energies, therefore suiting the biomimetic purpose. A UPy-

containing diol monomer was incoporated into a linear
polyurethane. Homodimerization between the UPy units on
the polymer chain led to the formation of many folded loops
(Figure 20).[428] At the molecular level, SMFS shows the
characteristic saw-tooth pattern similar to those of polydo-

main proteins. At the macroscopic level, the modular UPy
polymer demonstrates a combination of high strength, tough-
ness, and elasticity. The bulk mechanical data correlate well
with the single-chain force/extension observation, thus prov-
ing the biomimetic concept: the introduction of modular
structures held by sacrificial weak bonds into a polymer chain
can successfully combine the three most fundamental
mechanical properties (high tensile strength, toughness, and
elasticity) into one polymer.

In the second-generation biomimetic modular design, a
peptidomimetic b-sheet-based double-closed-loop (DCL)
module was synthesized to overcome issues such as structural
heterogeneity and interchain cross-linking.[435] The module in
this system is composed of a b-sheet-like duplex that is
connected at both ends with hydrocarbon loops. As a module
is stretched, the force shears the hydrogen bonds in the duplex
and the loops are extended. After releasing the force, the
double-closed-loop topology should ensure that the strands
rebind to their original pairs (Figure 21a). The DCL module
was synthesized by a multistep organic synthesis and its
modular polymer was made by polymerizing the DCL
monomer with 4,4’-methylenebis(phenylisocyanate) (Fig-
ure 21d).

The modular polymers were subjected to SMFS studies
with AFM by following the literature protocols.[439,440] The
saw-tooth patterns were observed in the force/extension
curves, which are similar to those seen in both natural and
synthetic modular polymers (Figure 21 c). The patterns in the
force/extension curves were more uniform for the modular
DCL polymer than for the first-generation modular design,
which was attributed to its more uniform structure. The chain
detaches from the surface typically after 60–120 nm stretch-
ing. The most probable peak force for unfolding each module
is about 50 pN. This force is lower than that of our modular
UPy polymers, which had an unfolding force of approximately
100–200 pN. This finding is consistent with the binding
strengths of the two modules: the dimerization constant
(Kdim) measured in chloroform for the UPy and the current
peptidomimetic b-sheet units are about 107 and 104, respec-
tively.[432, 438] The stretching curves can be fitted by the classical
wormlike chain model for a single-polymer chain (Fig-
ure 21c).

Figure 19. a) Schematic representation of the Af152111-177 polyprotein.
b) Representative force curves at 1000 nm s�1 with the WLC form
showing multiple unfolding pathways. Adapted from Ref. [426] with
permission. Copyright 2010 National Academy of Sciences.

Figure 20. Modular polymer with UPy domains in the main chain.
Adapted from Ref. [428] with permission. Copyright 2004 American
Chemical Society.
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To gain further insight into the influence of modular
structure on the mechanical properties of polymers, Guzman
et al. carried out nanomechanical investigations on a homol-
ogous series of b-sheet mimics. Three b-sheet-mimicking
modules containing 4, 6, or 8 complimentary hydrogen bonds
were used for both SMFS studies and SMD simulations to
understand the relationship between the molecular unfolding
force and chemical structure.[439] The SMFS studies showed a
nonlinear relationship between the rupture force and the
number of hydrogen bonds.
The SMD simulations
revealed that, as the strands
get too long, the conforma-
tional flexibility will cause a
mismatch in the dimerization,
thereby lowering the apparent
unfolding forces observed by
SMFS.

A cyclic UPy module was
further applied by Kushner
et al. to simplify the synthesis
and improve the mechanical
strength for the third genera-
tion of modular design
(Figure 22).[440] In this study,
the modular polymer based on
DCL of the UPy dimer
module shows not only a com-

bination of elasticity, high modulus, and tough-
ness, but also self-healing and adaptive proper-
ties. The modular polymer was synthesized by
acyclic diene metathesis (ADMET) polymeri-
zation of a di-olefin UPy-DCL monomer. In
tensile tests, after yielding at approximately 5%
strain, the modular polymer shows a strikingly
large deformation with a relatively small
increase in stress, a consequence of sequential
unfolding of the folded modules, which results in
the absorption of a large amount of energy and
makes the polymer tough. In further studies,
Kushner et al. observed interesting self-healing/
shape-memory properties for this polymer.

For many practical applications, it might not
be necessary to have the mechanosensitive
modules (mechanophores)[441] in every repeat
unit. Incorporation of a small amount of the
hydrogen-bonding mechanosensitive module
may be sufficient to dissipate energy and
prevent fracture from occurring. With this in
mind, Kushner et al. prepared a 3D poly(n-butyl
acrylate) network containing a small amount
(6 mol%) of a biomimetic modular cross-
linker.[442] Comparison of the mechanical prop-
erties of the network with the modular cross-
linker and a control network with a normal
cross-linker demonstrates that the introduction
of a small amount of a biomimetic module into
the network dramatically enhances the mechan-
ical properties of the polymer.

8. Summary and Outlook

In this Review we have outlined what is known about the
molecular mechanism by which natural peptide-based mate-
rials achieve their remarkable mechanical properties and
combinations thereof. In each section we presented a survey
of the numerous attempts, by either biosynthesis or chemical

Figure 21. a) Schematic representation of the double closed loop (DCL) in a polymer.
b) Molecular model of one DCL module used in the study. c) AFM force/extension
curve for a single molecule of the DCL module. The solid line describes the WLC
model, which fits at a 0.55 nm persistence length, L is the contour length during
stretching. d) The chemical structure of the DCL polymer. Adapted from Ref. [435] with
permission. Copyright 2004 American Chemical Society.

Figure 22. Design of strong, tough, elastic, and adaptive ADMET UPy-DCL polymers. Adapted from
Ref. [440] with permission. Copyright 2009 American Chemical Society.
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synthesis, to achieve novel functional materials by borrowing
nature�s design strategies. At the end of this Review, we try to
summarize a few critical design principles universally
employed by biological materials, as well as our perspective
on the future direction of and key challenges facing the field
of biomimetic materials.

Perhaps one of the most important design principles
employed in the design of natural materials is programming
weak molecular forces into macromolecular systems to guide
both intramolecular folding and intermolecular hierarchical
self-assembly into high-order structures. Modern synthetic
methods make it easy to construct strong covalent bonds.
However, we are still at an early stage in our attempts to
introduce weak molecular forces into synthetic macromole-
cules in a well-defined and programmed manner. In a broader
sense, a fundamental challenge remains in bridging the gap
between synthetic and natural macromolecules: we need to
learn more about how to program secondary molecular forces
into macromolecules to translate local structures into high-
order structures, and ultimately to control self-assembly
across length scales ranging from nanometers and micro-
meters to the macroscopic level.

A second important principle used in the design of natural
materials is the employment of both strong covalent bonds
and weak noncovalent interactions to achieve a combination
of seemingly orthogonal properties, such as high mechanical
strength, while simultaneously remaining dynamic and adap-
tive. In natural polymeric materials, the polymer backbones
are usually constructed through strong covalent bonds such as
peptide (amide) linkages, which provide mechanical strength
to the materials. However, in many cases, it is the accumu-
lative weak forces programmed into the systems that generate
exciting dynamic and adaptive properties (e.g., tough, stimuli
responsive, shape memory, and/or self-healing). It remains a
major challenge in the design of synthetic materials to
strategically combine covalent and noncovalent forces for
the design of advanced materials with strong and adaptive
properties. Modern polymer chemistry provides efficient
access to many synthetic polymers built of strong covalent
bonds. On the other hand, supramolecular chemistry offers
important lessons and motifs for programming weak molec-
ular forces into various synthetic systems. One emerging
research direction in modern materials chemistry is to
seamlessly integrate supramolecular chemistry and polymer
chemistry for the design of the next generation of advanced
materials.[443, 444]

A third important design principle ubiquitously employed
in natural materials is repetitive modular design. As surveyed
in Sections 2–7, natural polymeric materials often adopt a
modular approach in which short peptides fold into well-
defined secondary (b spiral, b sheet, a helix, PPII helix) or
even tertiary (titin) modules and then polymerize into linear
polymers with a tandem array of modules. Presumably,
natural evolution selects modular design both for the
energy-efficient synthesis of materials and for advanced
functional properties (see Section 7.1). Modular design also
provides a practical solution to combining fine-structural
control and efficient synthesis: since the secondary or tertiary
structure within each module is precisely controlled, efficient

polymerization of many modules will link them into long
polymers with the desired properties. The modular design
offers exciting opportunities for many further biomimetic
designs.

While presenting tremendous opportunities, the design of
biomimetic materials also faces several challenges for further
development. One major challenge is to design more atom-
economic and environmentally friendly syntheses of biomim-
etic materials that can be sustainably produced on a large
scale and at low cost. Current chemical and biochemical
syntheses of biomimetic materials often involve multiple
steps and create toxic waste, in sharp contrast to nature,
where most materials are produced and processed under
ambient conditions in aqueous solution. A second major
challenge is to integrate optimal processing conditions and
fine-chemical design and synthesis. For a material to perform
at its highest potential, its degree of structural organization in
the condensed phase is extremely important. In addition to
well-defined chemical design and programming of various
molecular forces and higher-order structures, the optimal
processing conditions will help realize structural organization
from the molecular level across the hierarchy of length scales.
Nature provides many vivid examples of the combination of
biochemical design and exquisite processing conditions to
achieve marvelous materials, such as spider silks. Without
optimal processing, the properties of many current biomim-
etic materials are far below the potential inherent in their
designs.

Finally, despite major recent progress, it remains a core
challenge to directly relate single-molecule properties to
macroscopic properties in biomimetic material studies.
Athough the validity of molecular designs can now be
analyzed with nanometer resolution, the dynamics and
emergent properties are expected to change dramatically
once multiple molecules are present in a condensed state, and
methods to predict and identify these properties are currently
limited and indirect.

Despite these major challenges, the design of biomimetic
materials has an extremely bright future. Thanks to the major
developments and breakthroughs in synthetic chemistry
affording more efficient synthetic methods and an improved
biological understanding of the deep molecular mechanisms
of natural materials, together with advances in computational
chemistry for modeling complex biomimetic systems and
improvements in nanotechnology for nanoprocessing, we
have never been better positioned to implement nature�s
design strategies in synthetic materials. A truly interdiscipli-
nary approach involving chemists, biologists, biophysicists,
materials scientists, and engineers means that many critical
material design issues can now be addressed from the
molecular level all the way through to advanced macroscopic
applications. By mimicking nature�s approach, we can design
a new generation of advanced materials with useful properties
that far exceed those available by current methods.
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