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Introduction

ature provides great inspiration for engineering
Nefforts, having developed complex materials that can

sustain life in a variety of environments. A common
category of macromolecules underlies many of the engineer-
ing accomplishments exhibited in nature: strong fibers,'
underwater adhesives,” tough composites,® fatigue-resistant
hinges,* selective filters,” solar energy converters,® and
highly active catalysts’ are all made wholly or in part from
proteins. Emerging technology needs, particularly in medi-
cine but also in fields such as security, energy, and sustain-
ability, have encouraged engineers to look to proteins as a
source of building blocks and design inspiration for the next
generation of polymeric materials. Even though the study of
polymer science and protein science developed as intellectu-
ally separate disciplines, a growing community of research-
ers is designing materials at the interface of these two fields.
A few examples are bioinspired polymers and synthetic
enzymes that use traditional polymer materials to mimic the
performance of proteins,® protein-polymer hybrids that incor-
porate both types of molecules into a single material,” and
artificially engineered protein polymers that apply the design
principles of polymer science to the engineering of new
proteins.

This convergence of protein engineering and polymer sci-
ence and the rapid progress at the interface of the two fields
is indicative of a larger trend: several previously distinct
fields of soft materials are being drawn together into an
intellectually cohesive subject, unified by common consider-
ations of time, length, and energy scales governing the
underlying physics, a common set of building blocks for
constructing molecules, and a common set of characteriza-
tion tools. Riding both this fundamental shift in materials
engineering and the continued rapid advances in molecular
biotechnology, protein materials engineering has become
well-established as a discipline with all the tools to make a
significant impact on modern technology.
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While our ability to construct a myriad of protein materi-
als is already well-developed and continues to grow, our
understanding of the materials engineering and physics of
these systems lags significantly. At the level of covalent
bonds, proteins are poly(amino acids), polymers synthesized
from a set of 20 naturally occurring monomers and a number
of chemical modifications thereof. However, proteins demon-
strate capabilities far beyond what is achievable with syn-
thetic polymers due to their sequence-specific chemistry. The
specific monomer sequences in proteins enable them to fold
into the complex hierarchical structures which give rise to
their function (Figure 1) and differentiate them from their
synthetic polymer cousins.

The goal of this perspective is to explore the similarities
and differences between proteins and polymers in a materials
context and to highlight several important questions relevant
to the physics and engineering of these materials. First,
approaches to the design of protein materials and protein-
polymer hybrids are reviewed, highlighting large advances in
chemistry that enable the design of new materials. Several
key examples are given that illustrate how the non-Gaussian
chain conformations and specific sequences present in pro-
teins have a powerful impact on the physical properties of
the resulting polymers, pushing the limits of polymer
physics. Soft matter physics challenges are then highlighted
in the self-assembly of proteins into functional materials,
leveraging proteins as templates for the construction of syn-
thetic materials, preserving the folded structure of proteins
within materials, and understanding structure-mechanical
property relationships in structural proteins that lead to their
high performance.

While many of these problems are old, recent develop-
ments in chemistry, gene synthesis, and protein engineering
make protein materials increasingly accessible to the physi-
cist and materials engineer, positioning the field for renewed
progress in understanding the physics of these sequence-
specific polymers. In each case, critical applications that will
benefit from a deep understanding of the relevant physical
principles are discussed. It is hoped that these challenges
will stir further collaborative efforts between polymer physi-
cists and protein engineers to develop a deep understanding
of the principles guiding protein material design, enabling
the next generation of unexpected technologies.
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Sequence specificity in proteins, which also implies perfectly monodisperse chains, enables specific interactions within a polymer
molecule that determine the ensemble of chain configurations adopted by the polymer and the interactions between different poly-
mer chains. These effects are being exploited by the materials community to significantly broaden the scope of polymer science and

polymer engineering.

Chemistry of Protein-Based Materials

The ability to consider problems of design and engineer-
ing in protein-based materials for science and technology
applications is driven by stunning advances in both polymer
chemistry and molecular biology over the last 50 years, pro-
viding the ability to synthesize such molecules in a relatively
pure state in large quantities. However, the design of
sequence-specific polymers continues to be a grand challenge
in polymer synthesis, and three complementary approaches
have been developed to address this problem as applied to
the synthesis of protein materials: solid-state synthesis, N-
carboxy anhydride (NCA) polymerization, and biological
synthesis. The solid-phase synthesis of proteins, originally
developed by Merrifield,'' uses alternating coupling and
deprotection reactions to grow a protein chain immobilized
on a solid support. The protein chain is cleaved from the
support at completion of the synthesis to yield the target
molecule. The step-by-step chemistry enables sequence-
specific molecular designs to be prepared, and the solid-
phase immobilization enables easy purification.'? The result-
ing popularity of the technique has led to commercialization
of the protected amino acids required for the synthesis such
that materials can be routinely prepared on automated pep-
tide synthesis machines. However, limits on conversion at
each synthetic step translate into limits on the number of
amino acids that can be polymerized (currently degrees of
polymerization less than ~100 are readily achievable).

It sequence-specific polymerization is not required, high-
molecular-weight polypeptides can be prepared using tradi-
tional chain growth polymerization. NCA polymerizationl3’l4
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uses an activated amino acid monomer that undergoes ring-
opening polymerization initiated by a primary amine or tran-
sition metal catalyst, allowing the synthesis of polypeptides
with sequences similar to traditional homopolymers, random
copolymers, or block copolymers. While the synthetic meth-
ods are easily scaled to meet materials challenges, sequence
specificity is sacrificed. Therefore, NCA polymerization and
solid phase peptide synthesis produce significantly different
materials with complementary roles.

Currently, the only way to achieve high-molecular-weight
materials with sequence specificity is to use the natural
machinery of biology to synthesize proteins. The biological
method for protein synthesis is attractive for several reasons.
First, a protein can be designed using the principles of poly-
mer engineering to form materials such as gels15 or elasto-
mers,'® and biological functionality can be simply
incorporated into the material through the use of functional
protein sequences such as RGD."” Second, once a gene is
synthesized, it can be multiplied indefinitely to allow a pro-
tein to be expressed at an arbitrarily large scale. Third, bio-
logical synthesis allows the facile design of fusion proteins
which can behave as block copolymers,18 often removing the
need for bioconjugation as a part of molecular design. As
DNA synthesis technology has advanced, genes encoding for
many such proteins can now be purchased, significantly
reducing the up-front burden for cloning required in biologi-
cal synthesis.

After synthesis of a gene, expression and purification of
the single encoded protein species from the complex cellular
milieu presents additional challenges. For enzymes, the pro-
tein’s tertiary or quaternary structure is difficult to recreate
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and must often be preserved throughout expression and puri-
fication; however, for many artificially engineered protein
polymers the folded structures are simple and may be
refolded after denaturing purification. This flexibility of puri-
fication strategy makes many artificially engineered protein
polymers easier to isolate in high yield than globular pro-
teins. In addition, advances in tag-based purification'® that
enable single-step, high-purity protein to be produced for a
wide variety of chemistries have significantly advanced the
ability to isolate research quantities of these materials with
minimal effort. Strategies for the thermal or salt-based purifi-
cation of proteins have also been developed, including tag
strategies, which avoid the cost of chromatographic resins
and enable highly scalable purification methods.”® These
advances have made a great many proteins available to the
research community in quantities suitable for material
preparation.

A drawback of biological protein synthesis is that natural
systems are limited to a set of 20 canonical amino acids.
The incorporation of noncanonical amino acids provides an
extremely valuable technology for the synthesis of new pro-
tein materials, enabling new bioconjugation chemistries”*'
and tuning of protein interactions.”” While the chemistries
used for solid-phase synthesis and NCA polymerization are
amenable to the incorporation of many such noncanonical
amino acids, their incorporation into proteins through biolog-
ical synthesis is more challenging. Among a variety of dif-
ferent approaches, residue-specific incororpation® and amber
codon suppression®* have emerged as two leading technolo-
gies to incorporate noncanonical amino acids. In the residue-
specific method developed in the Tirrell laboratory,”® one of
the 20 natural amino acids is replaced with a synthetic ana-
logue either by charging a natural tRNA with a noncanonical
amino acid or by replacing one of the natural tRNAs with a
synthetic analogue that binds to a noncanonical amino acid.
This method offers the advantage of simultaneously replac-
ing all instances of an amino acid within a protein, allowing
a high level of noncanonical functionality to be readily
achieved. In contrast, the amber stop codon method popular-
ized by the Schultz laboratory24 reassigns the amber stop
codon to encode for a 21% amino acid. This allows a nonca-
nonical amino acid to be incorporated without replacing one
of the natural amino acids and has proven particularly useful
for producing proteins with a single noncanonical monomer.

Coarse-Grained Physics in Protein Polymers

How much does the physics of protein polymers differ
significantly from that of traditional synthetic polymers?
This question is not just a matter of whether existing models
can be applied to the characterization of polymers composed
of amino acids, but touches on the deeper concept of what
level of chemical detail must be considered to describe
sequence-specific macromolecules. Polymer physics takes a
coarse-grained approach to formulating descriptions of chain
conformation, thermodynamics, and dynamics, suggesting
that all linear, flexible polymer chains should have broadly
similar properties.zs’26 While this coarse graining is broadly
effective for polymers with a low degree of chemical com-
plexity, the chain conformations and thermodynamics of pro-
teins originate from their monodisperse, sequence-specific
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primary structures. Given the profound impacts of sequence
control on molecular structure and function, it is natural to
expect that protein polymers and protein materials will
exhibit different physics than their polymer cousins; the
question as to how far coarse grained descriptions can go
toward treating systems with the level of chemical control
present in proteins naturally arises. Several key examples
demonstrate that coarse-grained polymer models continue to
have a role to play in describing protein polymers, but that
material design with proteins can dramatically expand the
scope of physics observed in polymeric systems, providing
rich new fields for exploration.

An area attracting recent interest that highlights both simi-
larities and differences between proteins and traditional poly-
mer physics is the study of the force-extension curves of
single proteins. Single molecule force puling experiments
have been used to understand the force-induced unfolding of
proteins, and subsequently this understanding has been
applied to engineer protein hydrogels with improved
mechanical properties. In these experiments, a single protein
domain is cloned into a fusion polymer containing several
such domains arranged in a linear sequence (Figure 2).%’
When the protein is extended, the force extension curve fol-
lows that of a short Gaussian chain until a point at which
one of the protein domains unfolds, causing relaxation of the
stress as the effective length of the Gaussian polymer chain
increases. Subsequent unfolding of the additional protein
domains at increased strain creates a sawtooth pattern in the
force-extension curve for the polymer chain due to the
unfolding of quanta of stored length when each individual
protein domain unfolds. The energetics of the unfolding pro-
cess affect the way that energy is recovered upon relaxation,
enabling energy dissipation mechanisms to be engineered.
This example shows that many protein force-extension
curves can be well modeled by traditional coarse-grained
polymer physics, but the specific effects of protein unfold-
ing/refolding dynamics must be incorporated. This concept is
useful in hydrogel engineering: it provides a molecular
mechanism for stress relaxation in polymer gels due to the
release of stored length, an effect that is challenging to cap-
ture in synthetic materials. Stored length significantly
increases the extensibility of protein gels®® and is thought to
be a mechanism to prevent tearing in muscle tissue.”’
Clearly, both protein science and polymer physics have a
role to play in applying this concept to material design.

Another example of how protein polymers move beyond
the scope of traditional coarse grained polymer theories is
engineering elastin-like proteins (ELPs).*'These proteins,
with sequences derived from natural elastin, consist of penta-
peptide repeat sequences VPGXG or close relatives where
the guest residue X can be changed to affect the physical
properties of the resulting ELP. One of the most remarkable
properties of these proteins is that they demonstrate lower
critical solution behavior, similar to synthetic thermorespon-
sive polymers such as poly(N-isopropylacrylamide) (PNI-
PAM). However, the transition is different in that the chains
do not transition from a random coil to a globule upon chain
collapse, but rather have been shown to undergo a random
coil to f-turn transition.”” Urry and coworkers demonstrated
relationships between the guest residue and the transition
temperature of the polymer;33 the group contribution
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Figure 2. Chain extension of protein polymers.
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Force-extension curves during extension (blue) and relaxation (red) for (a) 12 a-helical ARM repeats of the protein b-catenin, and
(b) seven repeats of the Ig 27 domain. The yellow areas show energy dissipated during a single-loading cycle. a-helical repeat pro-
teins dissipate significantly less energy than the Ig 27 domain upon unfolding. Reproduced with permission.>® Copyright 2010,

Elsevier, Ltd.

predictions for transition temperatures derived from Urry’s
data have been used to guide the application and design of
ELPs for a wide variety of biomedical applications. Polymer
physics suggests that molecular weight and concentration
should also have a large impact on the thermal transition
temperature according to the Flory—Huggins Theory,” and
thermodynamic models are being developed that predict
solution properties of the polymers as a function of these
parameters as well. The most recent models indicate that
group contribution theories for prediction transition tempera-
ture as a function of guest residue cannot capture observed
sequence-dependent effects,® suggesting complex solution
thermodynamics and an opportunity for further advances in
polymer solution theory.

Self-Assembly of Folded Protein Domains

As the aforementioned examples illustrate, protein poly-
mers present complex new behaviors that expand the scope
of polymer physics. One of the most interesting aspects of
polymers and soft materials is their ability to self-assemble,
forming nanostructured materials with a great diversity of
structures that can be tuned through molecular design.
Although the self-assembly of systems such as block copoly-
and surfactants’®’ is well-known, the folds of pro-
teins provide access to new molecular designs. The
challenge of self-assembling these molecules represents an
emerging frontier in polymer science. Studies of self-
assembly of folded proteins are motivated by the challenge
of forming structured materials out of molecules that typi-
cally exist only in solution. For example, a wide variety of
industrially useful enzymes are soluble, and many other use-
ful proteins operate within lipid bilayers. Incorporating these
folded and functional enzymes and other proteins into new
materials represents a large opportunity for the development
of new products such as sensors or heterogenous cata-
lysts.38’39 For proteins which do not naturally form mechani-
cally robust materials, either immobilization/encapsulation in
a polymer matrix or self-assembly provide routes to captur-
ing the biological functionality in an engineered system.
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Self-assembly of the materials through construction of
protein-polymer conjugate or fusion protein block copoly-
mers provides a valuable technique for the control of struc-
ture on length scales ranging from the individual protein
through the nanoscale all the way up to the micro- and mac-
roscale morphology.

The folded shape of the protein is important both for the
function of a protein material (i.e., catalytic activity) and for
the physics of block copolymer self-assembly. Proteins have a
diverse variety of shapes due to their secondary, tertiary, and
quaternary structures, with typical dimensions of 3—8 nm for
globular proteins. While comparatively simple structures such
as oc—helices,‘“M2 ﬁ—stramds,43 ring peptides,44 and coiled-
coils® were first characterized, more complex structures such
as f-barrels and membrane proteins represent specific exam-
ples of the broad category “globular proteins” that contains an
almost unlimited diversity of folded shapes. For the few pro-
tein folds that have been studied, the effect of these shapes on
self-assembly has been shown to be profound. «-helical pep-
tides provide the most thoroughly investigated example. Gallot
and coworkers were the earliest to synthesize a-helical poly-
peptide-polymer conjugates, demonstrating a propensity to
self-assemble into lamellar phases (Figure 3).% Further studies
of similar protein-polymer conjugates and emerging knowl-
edge of self-assembly in the broader category of rod-coil poly-
mers (the o-helical block is rigid while the coil block is
flexible)*® have demonstrated that the phase diagram is signifi-
cantly different than that of traditional block copolymers due
to the effects of chain topology and anisotropic molecular
interactions. Studies on ring peptides, coiled-coils, f-sheets,
and f-barrel proteins*”*® have also shown significant differen-
ces from traditional block copolymer self-assembly for the for-
mation of solid materials.

In addition to the effect of protein shape, the specific
interactions between proteins are anticipated to have a large
impact on protein self-assembly. In the same way that the
Flory—Huggins theory of polymer solutions serves as a basis
for theories of block copolymer self-assembly, theories of
protein solutions will be critical to formulating as yet unde-
veloped theories of protein self-assembly. Despite the
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Figure 3. Protein-polymer conjugate sefe-assembly.

Self-assembled nanostructures formed from protein-
containing block copolymers include (a) solid-state lamellar
structures formed from globular proteins such as
mCherry-b-poly(N-isopropylacrylamide), (b) lamellae
formed from polybutadiene-b-poly(benzyl-L-glutamate)
swollen with polymerized 2,3-dichloro-1-propene, and (c,
d) horseradish peroxidase-b-polystyrene-b-poly(ethylene
oxide) forming vesicular aggregates and a mix of rod, tor-
oid, and junction structures. (a) reproduced with permis-
sion.*® Copyright 2011, American Chemical Society. (b)
reproduced with permission.*’ Copyright 1976, John Wiley
and Sons, Inc. (c, d) reproduced with permission.** Copy-
right 2007, Elsevier, Ltd.

complexity of protein interactions, a variety of theories based
on simplified protein-protein interaction models have been
developed and shown success in predicting key aspects of
protein phase behavior in solution. These models use aver-
aged parameters such as the second virial coefficient, the
protein solubility, or the surface excess interaction with a
solute to characterize the protein solution thermodynamics.
They have been demonstrated to predict both conditions for
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protein crystallization®® and the qualitative shape of the pro-
tein phase diagram in solution.”"3? Protein-polymer interac-
tions have also been explored in solution, illustrating the
importance of excluded volume (depletion interactions) in
governing phase behavior.”® The translation of these ele-
ments to the self-assembly of protein materials has the
potential to fill a gap in our quantitative understanding of
bioconjugate and fusion protein self-assembly by producing
theories for the thermodynamics that governs structure
formation.

The self-assembly of protein-polymer conjugates or fusion
proteins to form nanomaterials in solution (i.e., micelles,
vesicles) has attracted a great deal of interest for applications
in drug delivery, yielding a fascinating observation: not all
proteins form stable micelles. For example, EGFP-PNIPAM
conjugates form stable micelles,” but structurally similar
mCherry-PNIPAM micelles do not.>® Stable micelles can
also be formed from globular protein-ELP fusions above the
ELP thermoresponsive transition; however but the stability
of the micelle depends on the identity of the globular pro-
tein.>® Clearly, the steric effects in a micelle with a folded
protein corona are significantly different than in a micelle
with a Gaussian coil polymer corona, and these comparisons
suggest that a detailed understanding of the effects of elec-
trostatics, hydrophobicity, and sterics on protein micelles is
required to enable rational design of stable self-assembling
systems in solution. Advances in our understanding of self-
assembly in this area will provide important input to material
design for medical applications.

Proteins as Templates for Self-Assembly

While the construction of copolymers enables the self-
assembly of soluble proteins and membrane proteins, a num-
ber of proteins form robust self-assembled structures that
may be used to guide the self-assembly of other molecules.
Materials such as viral capsids®’ and amyloid fibers®® present
examples of such natural assemblies that can be exploited as
templates. Engineered repeat proteins can be used as modu-
lar platforms for controlling the placement of functional
groups,” and attachment to a rigid a-helix backbone can
control the spacing between organic chromophores.®”

Protein nanostructures offer two important advantages as
templates for nanomaterial self-assembly: first, the protein
template self-assembly is often orthogonal to the behavior of
attached functional groups, enabling the protein assembly to
be designed separately from the functional group and to gov-
ern the placement of the functional group within the final
nanostructure. Second, changes in the sequence of the self-
assembling protein provide a valuable method to control the
functionalization location and the structure of the self-
assembly, allowing the chemistry and physics of the material
to be tuned. The de novo design of protein templates which
can guide assembly into a predetermined structure remains a
challenge; therefore, efforts focus on developing platform
materials adapted from specific natural systems.

Viral capsids provide an example of protein-based nano-
particles that may be readily exploited as templates for self-
assembly or as nanocapsules for the delivery of cargo.
Spherical viral capsids have attracted interest as models for
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templating on nanoparticles. Many of these capsids have
clearly defined inner and outer surfaces that can be sepa-
rately functionalized, allowing particles to be prepared with
controlled properties on both their outer surface and in an
inner compartment that may be used to contain cargo.®' In
some cases it has been observed that functionalization of the
template protein causes self-assembly into a different struc-
ture, suggesting that in some cases the free energy of tem-
plate assembly may not dominate system behavior.”” Rodlike
viral capsids, including the MI13 bacteriophage and the
tobacco mosaic virus (TMV), have also inspired the design
of a large number of materials, starting with early investiga-
tions of these capsids as model rodlike particles capable of
self-assembly into nematic and smectic liquid-crystalline
phases.62 These viruses have since been developed into ver-
satile platforms for the templated growth and assembly of a
wide variety of inorganic and organic molecules.®®

Protein nanofibers (Figure 4) are another large cate-
gory of materials that have attracted interest in the tem-
plating of materials. Inspired by the pathogenic assembly
of proteins into amyloid fibrils, researchers have designed
short oligopeptide sequences™® that assemble into f-sheets and
p-turns, which aggregate into long fibers or induced globular
proteins to refold into f-sheet rich fibers.”* When prepared in
solution, these fibers physically entangle to form shear-
thinning hydrogels. Responsive changes in protein configura-
tion may be used to trigger the sol—gel transition, different gel
designs have been shown to be highly effective as tissue engi-
neering matrices.®> Covalent attachment of functional groups
to these fibers enables the preparation of bioactive hydrogels®®
or the control over the spatial positioning of organic
chromophores.®’

Enhancing the Activity and Stability of
Proteins

Because the chain configuration of a protein is so impor-
tant to its functional role, engineering materials from pro-
teins raises the question of how to stabilize a macromolecule
in a specific chain configuration. There are two broad
approaches that have been taken to address this challenge (a)
engineering proteins to improve the stability of the desired
folded structure, or (b) using a material environment to stabi-
lize the protein. Directed evolution and protein engineering
approaches use changes in the amino acid sequence of a pro-
tein to increase its thermodynamic or Kkinetic stability.69
These techniques have been shown to be highly successful
in improving protein thermostability and chemostability. The
idea that engineering a protein sequence can improve its sta-
bility has also motivated extensive research on extremo-
philes, organisms that have evolved proteins to withstand
extremes of pH, temperature, or ionic strength.70 Typically,
protein engineering approaches focus on a single protein
molecule, but advances in high-throughput characterization
suggest that these methods may be extended further. Perhaps,
one day it will be common to apply directed evolution using
screens of proteins in materials to evolve the optimal protein
performance in a material context.

A complementary method to protein engineering is to
encapsulate/immobilize the protein in a matrix or additive
that modifies its surrounding environment to improve stabil-
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Figure 4. Self assembly of protein fibrils.

Transmission electron micrograph (TEM) illustrating (a)
entangled fibril, and (b) laminated ribbonlike morpholo-
gies formed by self-assembly of p-hairpin and extended f-
strand self-assembling peptides, respectively. Reproduced
with permission.®® Copyright 2005, American Chemical
Society.

ity.39 The challenge is to develop material chemistries that
allow preparation of the encapsulating layer without denatu-
ration of the protein due to heat, exposure to organic chemi-
cals, or changes in protein shape due to the formation of
chemical bonds. Encapsulation methods enable the formation
of solid layers with proteins embedded, and commonly
employed methods include incorporation into layer-by-layer
assemblies,71 immobilization in polyurethanes,72 or the
incorporation into self-assembled block copolymer tem-
plates.”® The formation of chemical and physical bonds at
the surface of the protein can be used to provide rigid cross-
links that stabilize the protein’s tertiary or quaternary struc-
ture,”* and the matrix may additionally contribute hydrogen-
bonding or osmolytic properties that help to stabilize the
protein.*® These solid encapsulants are particularly useful for
the preparpation of heterogeneous catalysts and sensors,
where they can be prepared in the form of microparticles or
films, respectively. In addition to controlling enzyme stabil-
ity, it is important for catalyst development to engineer dif-
fusive transport and electrical transport through the
encapsulating materials so that mass transfer limitations or a
poor conductivity do not limit the enzyme’s performance.*®
Motivated largely by challenges in stabilizing pharmaceutical
proteins in the dehydrated state, approaches to improving
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Figure 5. Processing of reconstituted silkworm silk fibroin to mimic the structure of the natural fibers.

The hydrophobicity pattern in silk (a) leads to initial chain folding into micellar structures, (b) which then aggregate into larger
globules, (¢) as concentration is increased and through the addition of crowding agents. Elongation of globules in physical shear,
and (d) leads to the formation of fibrillar structures. Reproduced with permission.*® Copyright 2003, Nature publishing group.

protein stability based on the addition of small molecule addi-
tives have also been developed that are particularly useful for
formulating materials in the dry state. These additives include
osmolytes (i.e., sugars), polymers,75 chelating agents,76 salts,”’
and surfactants. They are thought to operate by two mecha-
nisms. First, some additives may form rigid, glassy structures
around proteins similar to encapsulants, providing a method to
increase stability by reducing thermal motion of the protein.
Trehalose, a high-glass transition sugar, is a very common
osmolyte that is capable of forming such a rigid encapsulating
matrix. Second, additives may replace hydrogen bonds, serving
as water replacements in the dehydrated state. Molecules such
as polyols are thought to form these bonds using hydroxyl
functionalities.

A major hurdle for studies of protein stability in materials is
the limited set of analytical tools available to the researcher
for characterizing protein secondary and tertiary structure
within materials. This limit is a large contributor to the lack of
fundamental knowledge about protein denaturation pathways
in materials and quantitative structure—property relationships
that are critical to maximizing protein activity. Consequently,
it is difficult to understand how stabilization strategies devel-
oped for one protein will apply to another, and each protein
must currently be engineered on a case-by-case basis. Spectro-
scopic tools, such as circular dichroism (CD) and Fourier-
transform infrared (FTIR) spectroscopy, provide information
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about the secondary structure of the protein, but often the sec-
ondary structure shows relatively minor changes even while a
protein undergoes major rearrangements in tertiary or quater-
nary structure. Scattering methods such as small-angle neutron
scattering can measure tertiary structure directly, but resolu-
tion is limited and scattering contrast must be carefully con-
trolled. All of these methods measure an ensemble average of
the structure of many proteins which are potentially in many
different unfolded states. Therefore, techniques that are able to
probe single molecules to gain specific information about their
unfolded structure would be extremely helpful in identifying
mechanisms for the loss of protein activity and would enable
rapid advances in the design of materials to stabilize proteins.
Advances in protein modeling or in the development of
protein-like polymers’® as model synthetic systems provide
further routes for developing general principles to under-
stand the stabilization of a desired macromolecular
configuration.

Structure-Property Relationships in
Structural Proteins

Structural proteins are the most abundant proteins in nature.
Collagen and elastin form the primary components of many
tissues, keratin is a protein found in hair, spider silk is used to
form strong webs, and resilin is found in the flight and jumping
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systems of insects. Understanding the way nature has designed
structural proteins can have significant application to structural
polymers or for biomaterials, where control over mechanical
properties is critical to controlling cellular response and engi-
neering properties such as injectability. Often, protein struc-
tural materials exhibit mechanical properties (for example,
strain hardening’®) that are difficult to replicate with current
synthetic polymers; therefore, understanding their design
promises to enable materials with improved mechanical prop-
erties and new responsive transitions.

Resilin is a fascinating example of a structural protein
where the properties of the natural system can be engineered
into recombinant protein materials. Resilin exhibits an
exceptionally high resilience, storing greater than 97% of the
work of deformation as elastic energy and undergoing a
large number of cyclical motions with minimal fatiguing. It
is naturally found in insect wing hinges and composites with
cuticle used to store energy for jumping. Native resilin is
composed of three exons, each with its own distinct struc-
ture. Until recently, it was thought that resilin did not exhibit
a well-formed secondary structure, suggesting that it behaves
as an ideal polymeric elastomer.”” However, it has recently
been proposed that a reversible f-turn transition in exon III
is responsible for the superelastic properties of the mate-
rial.®' Because of its properties, resilin has attracted signifi-
cant interest for engineering artificial protein analogues, and
several minimal sequences have been developed. These are
actively being investigated for the development of new bio-
materials,®” where the minimal sequences are able to pro-
duce hydrogels with a relatively high resilience. The
relationship between design of the minimal sequence, mate-
rial processing and crosslinking, and the resilience of the
final hydrogel continues to be an area of ongoing research as
emerging knowledge from studies of native resilins is trans-
ferred into the design of artificially engineered protein poly-
mer analogues.

An example of the impact of processing on material per-
formance is engineered silk proteins. Spider dragline silk has
been shown to have a tensile strength that exceeds that of steel
per on a mass basis,®> making it one of the strongest fibers
known. Silk’s morphology has a great deal of similarity to
tough synthetic polymers such as polyurethanes and polyole-
fins: highly crystalline domains are dispersed within an amor-
phous matrix, with individual chains alternately through
crystalline and amorophous domains to chemically link them
together. A great deal of effort has gone into developing
expression systems that can produce high-molecular-weight
variants of the slik-forming proteins in high yield with notable
success.**> However, the simple formation of the protein is
not enough. The translation of the primary chemical structure
of silk into a tough material requires careful control over the
processing of the polymer to induce the appropriate morphol-
ogy within the final material, a classical problem in polymer
science. Techniques have been developed that mimic the for-
mation of native silk fibers (Figure 5);86 while these are able
to replicate many of the properties of natural materials, work
remains to be done to develop optimized processing strategies
for a wide range of silks. Much of the knowledge gained from
engineering fibers has also been applied to develop silk-based
biomaterials and in silk-based optical materials fabricated
from silkworm silk.®’

AIChE Journal October 2013 Vol. 59, No. 10

Published on behalf of the AIChE

These examples illustrate that protein chain configuration,
material morphology, and processing conditions have all
been shown to play an important role in the properties of
materials engineered from structural proteins. However, it is
unclear that common design principles apply to all structural
proteins, and for many proteins the specific structure—prop-
erty relationships are in the early stages of investigation.
Nonetheless, several unifying themes are emerging. Many of
the protein materials have significant changes in their proper-
ties depending on the hydration of the polymers; therefore,
understanding the impact of hydration on the molecular-level
chain dynamics and mechanical response is a critical aspect
of design. Also, control over protein conformation through
substrate binding or force-induced unfolding enables engi-
neering of stored length in protein materials, enhancing
toughness or triggering responsive swelling and deswelling.®®
Finally, supramolecular interactions such as the hierarchical
assembly of collagen fibers or the crystal structures in silks
are critical to the performance of materials, and understand-
ing how primary sequence and the resulting secondary struc-
tures are translated by processing into the appropriate
supramolecular strucutures is an active area. Engineering of
minimal protein sequences, as has been demonstrated for
silks and elastins, provides a very powerful tool to gain
insight into the structure—property relationships through con-
trolled modifications in the protein sequence. Adaptation of
the molecular designs discovered in proteins into synthetic
or biohybrid polymer systems will provide an important test
of the fundamental design principles.

Outlook and Challenges

Despite the development of an active research community
in protein materials, commercial products remain relatively
few. Commercially viable commodity products such as food
additives can be derived from sustainable protein sources,
including gelatin and soy protein. Industrial biocatalysis has
also found widespread application, for example in the syn-
thesis of penicillin, use of lipases for esterification, or
enzymes in laundry detergent formulations. Finally, proteins
have found application in glucose sensors and home preg-
nancy tests. In all cases, cost is one of the primary consider-
ations for the adoption of protein-based materials. For bulk
materials (fibers, gels), the cost of the protein must be
extremely low to compete with synthetic materials and the
material must be readily available in large quantities through
scalable manufacturing. Industrial biocatalysis faces similar
challenges: the enzyme must be able to be produced in high
volume at low cost, and often purity is of secondary concern.
As a result of these considerations, continuing developments
that lower the cost of engineering protein-based materials
should be a high-priority goal for the scientific community.

The most promising markets for future breakthrough
protein products are those where the product adds high
value. Not surprisingly, there are active research or com-
mercialization efforts in applications such as enzyme tech-
nology for the detection of chemical and biological
warfare agents,72 biomedical applications such as targeted
drug delivery,89 and the preparation of tissue engineering
matrices.”” An increased recent focus on biomass utiliza-
tion and sustainable materials also poses interesting
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challenges for researchers and engineers interested in pro-
tein materials. Proteins are nature’s principle source of
nitrogen containing polymers, making them natural materi-
als for exploration of sustainable alternatives to common
synthetic polymers such as polyurethanes, polyamides, or
polyesteramides. The development of new sustainable res-
ins as replacement polymers or to fill currently undefined
market needs will push researchers to develop lower cost
production strategies, to understand and control feedstock
diversity while producing consistent products, and to lever-
age the most advanced physics emerging from studies of
model systems in ways that apply to polydisperse, impure
mixtures of polymers.

As highlighted in this perspective, the development of
new concepts in polymer science to understand the complex
physics of sequence-specific macromolecules will play an
important role in the engineering of these materials. While
the chain conformations and thermodynamics of sequence-
specific protein polymers provide access to a variety of prop-
erties difficult to replicate in synthetic materials, the need to
understand their self-assembly, mechanical response, solution
properties, and thermodynamic stability will require new sci-
entific advances. As scientists and engineers tackle these
challenges, the future of protein materials holds great prom-
ise. Advances in molecular biology and polymer chemistry
have opened the door to materials that can be used to
advance our understanding of soft matter physics and to
engineer new products at the biological/synthetic
polymer interface. By combining their understanding of
basic chemistry and biology, thermodynamics, mechanics,
and process systems engineering, chemical engineers have a
significant role to play in both answering fundamental scien-
tific questions and defining the future targets for engineering
efforts.
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