1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

NATIG,

o
HE

s sy,
Y

10

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Acta Biomater. 2014 April ; 10(4): 1751-1760. doi:10.1016/j.actbio.2013.12.028.

Desighing ECM-mimetic Materials Using Protein Engineering

Lei Cai and Sarah C. Heilshorn”
Department of Materials Science and Engineering, Stanford University, Stanford, CA 94305

Abstract

The natural extracellular matrix (ECM), with its multitude of evolved cell-instructive and cell-
responsive properties, provides inspiration and guidelines for the design of engineered
biomaterials. One strategy to create ECM-mimetic materials is the modular design of protein-
based engineered ECM (eECM) scaffolds. This modular design strategy involves combining
multiple protein domains with different functionalities into a single, modular polymer sequence,
resulting in a multifunctional matrix with independent tunability of the individual domain
functions. These eECMs often enable decoupled control over multiple material properties for
fundamental studies of cell-matrix interactions. In addition, since the eECMs are frequently
composed entirely of bioresorbable amino acids, these matrices have immense clinical potential
for a variety of regenerative medicine applications. This brief review demonstrates how
fundamental knowledge gained from structure-function studies of native proteins can be exploited
in the design of novel protein-engineered biomaterials. While the field of protein-engineered
biomaterials has existed for over 20 years, the community is only now beginning to fully explore
the diversity of functional peptide modules that can be incorporated into these materials. We have
chosen to highlight recent examples that either (1) demonstrate exemplary use as matrices with
cell-instructive and cell-responsive properties or (2) demonstrate outstanding creativity in terms of
novel molecular-level design and macro-level functionality.
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1. Introduction: The rationale for creating engineered extracellular matrices
(eECM)

The native extracellular matrix (ECM) is a complex and heterogeneous material containing
numerous multifunctional proteins that provide cells with structural support and biochemical
signals to facilitate a series of important cellular processes [1]. First, the ECM presents
integrin-specific ligands and binding affinity to other cell-surface receptors that combine to
initiate cell adhesion. Second, through complex and dynamic interactions with cells, the
matrix provides a three-dimensional (3D) mechanical framework. These biochemical and
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biomechanical cues activate highly regulated signaling pathways that allow for ensuing
cellular responses such as spreading, migration, proliferation, and differentiation.

In order to mimic these important functions of native ECM in the design of biomaterial
scaffolds, the strategy of using isolated ECM components (collagen, fibronectin, etc) or their
mixtures harvested from tissues has been widely adopted [2]. Although often highly cell
adhesive, these biomaterial scaffolds have proved challenging to standardize and use for in
vivo applications due to poorly defined chemical structure, inconsistent batch-to-batch
reproducibility, and risk of immunogenicity. In addition, it is extremely difficult to
manipulate and customize the ECM scaffolds for a specific cellular microenvironment or to
study fundamental aspects of cell-material interactions, because all material factors are
intertwined and coupled together, resulting in largely observation-based outcomes.

Motivated to design tunable biomaterials that emulate the native ECM, researchers have
been developing engineered ECM (eECM) that combines multiple structural and
biofunctional features [3, 4]. Using recombinant protein technologies, eECM offers
enormous possibilities in the design of reproducible, highly tunable, and modular protein
scaffolds [5-9]. The four major advantages of creating eECM using protein engineering are:
1) to gain better control over decoupled material variables for mechanistic studies of cell-
matrix interactions, 2) to achieve more physiologically relevant in vitro cultures, 3) to create
more reproducible materials for clinical therapies, and 4) to create more complex and
dynamic materials with multi-functionality, responsiveness, and bioactivity. These four
advantages are discussed in more detail below.

Towards goal 1, eECM can be customized to have consistent material properties with only
one variable factor of interest, such as cell-adhesive ligand density, matrix compliance,
structural formation, and cell-instructive biochemical signals. For example, elastin-like
protein (ELP) hydrogels have been designed with either a cell-adhesive arginine-glycine-
aspartic acid (RGD) ligand or non-adhesive, sequence-scrambled RDG in their otherwise
identical primary amino acid sequences [10]. Thus, blending these two engineered proteins
together prior to crosslinking into a bulk hydrogel affords a direct control over the bioactive
ligand density. Independently, the matrix stiffness of these hydrogels can be tuned by
altering the density of crosslinks [11]. This system has been used to evaluate the
independent effects of RGD ligand density and matrix stiffness on neurite outgrowth from
three-dimensional cultures of dorsal root ganglia [12].

Towards goal 2, once synthesized, eECM proteins can be fabricated through a variety of
techniques to create matrices that mimic certain structural features of the native ECM. These
material structures include 2D surface patterning at the micro- and nanoscale [13], 3D
hydrogels [12, 14], porous scaffolds [15], and fibrous structures [16]. The eECM can then be
seeded with cells to create either 2D or 3D cultures that recapitulate aspects of the cell niche
and produce cell responses distinct from standard 2D tissue culture polystyrene with ECM
coatings. These in vitro cultures may result in cell morphologies and levels of gene
expression that are more reminiscent of in vivo tissue.

Towards the creation of consistent materials for clinical therapies, protein engineering offers
a highly reproducible synthetic strategy. Because of the high fidelity of protein translation,
recombinant proteins present precisely controlled, monodispersed sequences and
biochemical compositions at the molecular level, a feature that is normally improbable in
natural or synthetic materials [17]. In addition to reproducibility and customizability, eEECM
is also biodegradable and yields non-toxic degradation products, which is desirable for
clinical usage.
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Towards goal 4, the modular design strategy of eECM enables direct incorporation of
diverse peptide building blocks into the backbone of a single protein sequence. This modular
approach results in the synthesis of multi-functional materials that combine the functionality
of each individual peptide domain. For example, novel, protein-engineered, cell-delivery
vehicles have been developed using several peptide-based gelation mechanisms including
leucine-zipper self-assembly [18-20], enzyme-triggered self-assembly [21, 22], chemical
crosslinking [11, 12, 14, 23], and hetero-assembly of molecular recognition peptides [24—
27]. In addition to these domains that enable structural gelation, ECM-mimetic domains that
are either cell-instructive or cell-responsive can be included. Examples include cell-adhesive
[28-32], growth factor mimetic [33-38], or enzyme-degradable domains [11, 39-41].
Finally, more complex designs can be achieved by adding functional domains that interact
with inorganic materials [42-45] or respond to dynamic environmental stimuli [46-48].

In this review, we describe the toolbox that is currently used to generate protein-engineered
eECM biomaterials in Section 2. We focus our attention on eECM fabricated purely from
protein-engineered materials using canonical amino acids. In Section 3, we describe the
wide selection of peptide building blocks and domains available for the modular design of
eECM, with an emphasis on interactions with mammalian cells. Finally, we discuss
emerging new functionalities and peptide modules for eECM design in Section 4, including
binding domains with inorganic materials, anti-microbial peptides, immuno-modulatory
peptides, and dynamic peptides triggered by environmental stimuli.

2. Toolbox to design and synthesize eECM

2.1. Direct peptide synthesis versus recombinant protein synthesis

As protein technologies continue to evolve, there are now several toolkits available to
achieve reproducible and tunable eECM with virtually limitless possibilities. To design a
multi-functional eECM, the first step is the selection of primary amino acid sequences with
desirable structural, gelation, degradation, or bioactive roles. Once the desired amino acid
sequence has been designed, two common techniques can be used to synthesize the eECM:
direct chemical synthesis of small peptide building blocks or recombinant biochemical
synthesis of large proteins (Figure 1). Direct peptide synthesis is usually realized through
solid phase peptide synthesis (SPPS) using a peptide synthesizer. The advent of peptide
synthesizers allows for automatic and efficient production of up to 30-50 amino acid
residues in sub-gram quantities at reasonable cost [49]. These small peptides can be ligated
together to create much longer sequences of up to 150 amino acids [50]. SPPS ensures
precise chemical structures and enables the addition of modifications to the functional
groups of individual amino acids during synthesis. Liquid phase peptide synthesis (LPPS) is
a classical method that requires sequential incorporation of amino acids followed by
removal of protecting groups [51]. LPPS is still commonly used for large-scale production
of gram-scale quantities of a given peptide, although this synthetic route is much slower and
more labor intensive than SPPS.

Recombinant protein synthesis can produce much larger proteins with more complex
structural features, resulting in more complex functionalities. This biochemical synthesis
strategy requires several genetic engineering steps, each of which may require optimization
to achieve efficient yields of functional protein. First, a DNA template that encodes the
target amino acid sequence is designed and chemically synthesized. This engineered gene is
then inserted into a plasmid vector that enables gene replication and transcription. The
vector is transformed into a host organism that expresses the target protein. The target
protein is then harvested and purified from other endogenous proteins and contaminants.
This templated synthesis offers precise control of long protein sequences with multiple
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functional modules each presented at a specific location, facilitating independent tuning of
mechanical properties and bioactivity within the final biomaterial.

2.2. Protein engineering strategies for designing eECM

The most common strategy for designing engineered protein biomaterials with multi-
functionality is to first design individual peptide domains and then to mix and match these
peptide domains to create a versatile family of ECM-mimetic materials. This modular design
strategy can use peptide domains derived from native sequences, predicted through
computational modeling, or identified by high throughput combinatorial screening. Common
peptide modules that are rationally derived from native sequences include silk-like [52],
elastin-like [53], and resilin-like [54] domains. Protein sequences based on these peptide
modules often display properties reminiscent of their native proteins. Rational modification
of the native sequences is often performed using site-specific amino acid mutation, which
requires knowledge of the underlying protein structure-function relationship and
identification of appropriate target sites for mutation [55].

To better choose sites for mutation and to predict the resultant properties, many
computational algorithms have been developed that employ physics-based modeling to
estimate energetic protein interactions. As an example, the WW domain, a small protein
interaction module that undergoes heteroassembly with a proline-rich peptide sequence, has
been engineered using a computer-based model to construct an artificial sequence that
functions like its natural counterpart [56, 57]. This molecular recognition has been further
utilized to create physical hydrogels that encapsulate cells without environmental triggers
[24]. A new computational method has recently been used to design self-assembling proteins
with high accuracy. This method includes a symmetrical docking of peptides in a target with
symmetric architecture and a subsequent design of low-energy, protein-protein interfaces to
drive self-assembly [58]. Besides rational or computational engineering of native sequences,
combinatorial engineering using high throughput screening methods provides a powerful
alternative to generating proteins with complex properties. Also known as directed
evolution, this technology involves first creating a diverse gene and corresponding protein
library and then screening and identifying mutants with the desired properties [11, 42, 59—
61]. For example, combinatorial engineering has been used to identify clones with high
affinity to specific integrin receptors [60]. It is also a widely used method to identify
peptides or proteins capable of binding to target inorganic material surfaces, such as
hydroxyapatite [42].

3. Protein modules to create eECMs

3.1. Structural domains for cell-compatible encapsulation

The formation of 3D ECM-mimetic matrices entrapping viable cells is a crucial step for
functional tissue engineering [62]. To construct a 3D structure for cell encapsulation, a
crosslinking mechanism is often needed for eECM materials. Current state-of-the-art
techniques can be classified into two main categories: physical crosslinking, which includes
self-assembly and molecular recognition, and chemical crosslinking, which typically utilizes
primary amine and thiol groups to form covalent bonds between protein polymer chains. A
combination of both crosslinking mechanisms has also been used to design hydrogels for
potential cell encapsulation [63]. Physical hydrogels are generally endowed with shear-
thinning and self-healing properties via reversible sol-gel transitions, but they are subject to
quick erosion and low mechanical moduli. In comparison, chemical hydrogels are typically
much more stable in situ and possess higher mechanical rigidity, although special attention
must be made to developing a cell-compatible crosslinking chemistry.
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One classic example of a self-assembly module is the leucine zipper domain, which enables
reversible self-assembly through coiled-coil associations [64]. This motif contains
hydrophaobic leucine residues and charged residues that form amphiphilic a-helical
structures that multimerize into coiled-coils as junction points in the engineered hydrogel
network. The gelation process can be reversibly triggered by external stimuli such as
temperature, pH, and ionic strength [19]. These injectable hydrogels display rapid recovery
after injection, and more than 95% of seeded cells survive the injection process [65]. These
cyto-compatible, leucine zipper hydrogels were modified with RGD cell-binding ligands to
promote adhesion, spreading, and polarization of human fibroblast cells, which remained
rounded on unmodified hydrogels [20]. When presented as two-dimensional substrates,
these materials promote the viability and proliferation of human fibroblasts, human
umbilical vein endothelial cells, and rat neural stem cells [66]. One potential drawback to
the use of leucine zipper hydrogels is their stability in biological environments, as they erode
when placed in contact with cell culture media. However, leucine zipper domains can be
stabilized to inhibit dissolution by subsequent chemical crosslinking using end-linked
cysteine residues that form disulfide covalent bonds [18].

Molecular recognition is another important motif for creating physical hydrogels. In one
example, a mixing-induced two-component hydrogel (MITCH) system, where one
component is a block copolymer containing multiple repeats of the WW domain that
specifically recognize proline-rich peptide domains encoded in a second component. The
two components undergo a sol-gel transition by forming physical associations upon mixing
without the need for any external environmental triggers [24]. [67]. The resulting hydrogel is
shear-thinning, injectable, and able to self-heal, facilitating the encapsulation of neural stem
cells and supporting their growth and differentiation [24]. In addition, MITCH has been used
as a stem cell-delivery vehicle for adipose-derived stem cells in vivo in a subcutaneous
mouse model. MITCH-delivery resulted in higher levels of cell survival and retention
compared to other common hydrogels such as collagen and alginate [68] (Figure 2).

The design of reversible hydrogels was also demonstrated using molecular recognition
between a protein and a peptide conjugated to a multi-arm polyethylene glycol (PEG)
spacer. For example, a recombinant tax-interactive protein-1 (TIP1) with a PDZ domain was
fused to each end of the triangular trimeric CutA protein. Upon mixing with PDZ-binding
peptides conjugated to PEG, a 3D physical gel was formed at physiological pH and
temperature, entrapping chondrocytes with high viability [69]. TIP-1 was further modified
into a fusion protein with four binding sites and mixed with self-assembled nanofibers
formed by TIP-1 binding polypeptides, leading to the formation of molecular hydrogels
[27]. Similarly, a physical hydrogel design was created based on a structural
tetratricopeptide repeat (TPR) that recognizes TPR-binding peptide modules conjugated to
PEG. These two components form self-supporting hydrogels upon mixing at room
temperature [70]. As a further example, a self-assembling dock-and-lock system was used to
fabricate hydrogels through molecular recognition between an A-kinase anchoring protein
domain and a docking and dimerization domain [71]. This specific, dynamic, and rapidly
associating protein-ligand interaction enabled two components to form shear-thinning and
rapidly self-healing hydrogels for cytocompatible encapsulation of human mesenchymal
stem cells (hMSCs) [71].

As an alternative to the above-described physical hydrogels that rely on transient
crosslinking, permanent chemical crosslinking mechanisms have been widely used to create
3D protein hydrogels for cell encapsulation. In one strategy, enzymatic reactions enable
mild and biocompatible crosslinking reactions to occur between protein polymers that act as
enzyme substrates. For example, tissue transglutaminase (tTG), a multifunctional enzymatic
crosslinker that stabilizes tissues [72], has been used to catalyze covalent bonding between
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lysine and glutamine amino acids. In one demonstration, 3D hydrogels were created using
tTG to form crosslinks between two classes of protein polymers containing either lysine or
glutamine reactive sites that were evenly spaced along the protein backbone. Under
physiological conditions, complete crosslinking through tTG occurred within 2 min. Mouse
3T3 and primary human fibroblasts encapsulated in this 3D hydrogel showed high cell
viability and displayed spreading on 2D gel surfaces [21]. In another study, tTG was used to
crosslink elastin-like polypeptides (ELPs) designed for potential cartilage repair therapies.
Cells maintained their chondrocytic phenotype in the ELP hydrogels in vitro and
restructured the ELP matrix to deposit cartilage ECM components [73].

In addition to enzymatic crosslinking, chemical hydrogels can also be formed using small
molecule crosslinkers. As an example, ELP materials are frequently modified to include
lysine residues, which enable primary amine reactive crosslinking. These ELP hydrogels
have been created using various chemical crosslinkers, including trissuccinimidy!l
aminotriacetate [74], disuccinimidyl suberate [11], and phosphine-based catalysts [12, 14,
23]. Similarly, resilin-like polypeptides (RLPs), which are based on the elastomeric
structural protein resilin, have been crosslinked by phosphine-based catalysts to form ECM-
mimetic hydrogels [39, 75, 76]. Recently, another novel family of recombinant elastomeric
proteins have been reported based on abductin, a protein found in the inner hinge of bivalves
[82]. Numerous types of cells have been encapsulated in these eECM hydrogels to probe
cell-material interactions as well as to build up tissue-engineered constructs. For example,
by encapsulating dorsal root ganglia within a tunable family of ELP matrices, the effects of
integrin ligand density and matrix stiffness on neurite outgrowth was analyzed in a
decoupled manner, showing longer neurite outgrowth in gels with higher ligand density and
lower stiffness [12] (Figure 3). As a further example, an integrin-binding, RLP hydrogel
with stiffness close to human cartilage tissue supported the adhesion, spreading, and 3D
encapsulation of hMSCs [39, 75].

3.2. Cell-instructive domains

While the structural and crosslinking domains described in the previous section provide a
scaffolding interactions to build up 3D matrices, a host of other peptide modules can be
introduced into the eECMs to impart additional biofunctionality. To promote cell adhesion
and spreading, well-known cell-adhesive domains, such as RGD, IKVAV, and YIGSR
amino acid sequences, naturally found in various ECM proteins, are frequently integrated
into the material [29-32]. In addition to the naturally evolved cell-adhesive sequences,
domains identified through protein engineering strategies may be particularly useful in
eECM development. For example, the RGD sequence has been engineered into a cystine-
knot peptide motif to modulate its integrin-binding affinity and specificity [60, 77].

RGD ligands have been encoded into ELP, RLP, and silk-like proteins to promote
interactions with a variety cell types [12, 14, 78]. In a particularly elegant example, RGD
accessibility was tuned by fusion to a coiled-coil domain, which was functionalized on gold
nanoparticles and subsequently immaobilized on substrates. RGD accessibility and thereby
cell adhesion was reversibly controlled via co-immobilization and removal of leucine-zipper
coiled coils through heterodimerization [79]. An alternative cell-binding domain, CS5, has
been added into ELPs to illustrate the effects of distal amino acid selection on the resultant
accessibility and affinity of the cell-binding domain [28]. In another study, N-cadherin, a
key cell-cell adhesion protein in neural development, was fused to the Fc region of the I1gG
antibody to create an artificial ECM surface that enables neural stem cells to maintain their
undifferentiated state and preserve their differentiation potential [80]. In another novel
design, a fibronectin type 111 domain from human tenascin-C was used in the creation of
ECM-mimetic hydrogels that encourage the spreading of human lung fibroblast cells [81].
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In addition to cell-adhesion domains, other bioinstructive moieties such as growth factors
and cell signaling components have been added to the protein-engineered biomaterials
toolbox. For example, fibroblast growth factor-2 (FGF-2) fused to a fibronectin fragment
presented a synergistic effect on osteoblast cell adhesion and proliferation [33]. However,
the direct encoding of longer bioactive sequences into the protein backbone can lead to
decreased functionality, since conjugation at the N- and/or C-termini may hinder the
complex folding that is typical of these factors. Therefore as an alternative strategy, fully
folded soluble factors have been immobilized to the scaffold, either by covalent conjugation
or affinity binding. As an example, vascular endothelial growth factor (VEGF), a heparin-
binding growth factor, served as elastic crosslinks in a noncovalently assembled hydrogel
network. In the presence of VEGF receptors, the hydrogel is selectively eroded, and the
VEGEF released from these hydrogels increased proliferation of VEGF-responsive cell lines
[34].

An alternative method for growth factor immobilization within eECMs is to conjugate the
bioactive signals to an ECM-binding domain, which binds to ECM matrices via affinity-
based interactions. For example, transforming growth factor-beta (TGF-f3) has been
recombinantly engineered to contain a collagen-binding domain [35]. Similarly, genetically
engineered human bone morphogenetic protein-2 (BMP-2) was fused to a collagen-binding
domain for potential bone repair. A collagen matrix loaded with the engineered BMP-2
induced better bone formation in a rabbit mandible defect model [36, 37]. Additionally,
platelet-derived growth factor BB (PDGF-BB) has been immobilized to a collagen-binding
domain. The engineered PDGF-loaded collagen scaffolds encouraged cell proliferation in
vitro and were uniformly cellularized and vascularized in vivo [38].

3.3. Cell-responsive domains

The native ECM is able to respond to changes in the local microenvironment, as cells
survive, migrate, and secrete their own ECM. To mimic this functionality, amino acid
sequences that can be cleaved at specific sites by cell-secreted proteases have been
introduced into eECM biomaterials. One common motif is domains degradable by matrix
metalloproteinases (MMPSs). As an example of eECM multifunctionality, a single RLP has
been engineered with a cell-adhesive RGD sequence, a heparin-binding domain for non-
covalent immobilization and release of growth factors, and an MMP-cleavable site to enable
proteolytic degradation [83]. The MMP-sensitive domains are susceptible to MMP-1
enzymatic degradation within two days. hMSCs encapsulated in these RLP hydrogels with
various degradation rates displayed high viability [39]. Similarly, silk-elastin-like protein
polymers (SELPs) have been modified to include a sequence that is sensitive to MMP,
which yielded complete cleavage of all full-length polymers in two days [41].

As an alternative approach, peptide sequences that are sensitive to degradation by the
proteases tissue plasminogen activator (tPA) and urokinase plasminogen activator (UPA)
have been encoded into ELP hydrogels. These domains were designed to be responsive to
neuronal growth cones, which locally secrete tPA and uPA, in order to clear a path for
elongating neurites. Minor amino acid sequence mutations yielded hydrogel variants with
identical initial mechanical properties but with degradation kinetics that spanned two orders
of magnitude [40]. Neuronal cell adhesion, neuronal differentiation, and neurite outgrowth
were all supported by these matrices [11].

4. Emerging functionalities for eECMs

While the majority of domains used in eECMs to date have been inspired by commonly
occurring motifs in the native ECM, functional domains from non-matrix proteins can be
repurposed to create more complex eECM designs. These emerging functionalities include
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linkage with inorganic materials, antimicrobial activities, immune modulators, and
dynamically responsive modules. These new functionalities represent the versatility of
protein sequences and expand the potential of eECM biomaterials for a plethora of tissue
engineering and biotechnology applications.

4.1. Linkage with inorganic materials

Many peptides are endowed with the capability to specifically bind to or control the
synthesis of diverse inorganic materials [84]. These inorganic-binding peptide modules offer
new possibilities to create composite eECMs that include both organic and inorganic
components. The biogenesis of hybrid inorganic/organic composites, such as bone, often
includes the process of templated mineralization [42]. Thus, biomimetic synthesis of bone-
like structures requires novel organic scaffolds that mediate the mineralization of
hydroxyapatite (HAP), the major inorganic component of bone. Using phage display, a 12-
residue peptide has been identified that binds to single-crystal HAP. This peptide,
mimicking the tripeptide repeat of type I collagen, was found to template the nucleation and
growth of crystalline HAP [42] (Figure 4). Similarly, a silk/silica fusion protein was
designed by fusing the self-assembling domains of spider dragline silk with the silaffin-
derived R5 peptide that initiates silica mineralization [43-45]. This engineered silk protein
served as the template for the formation of 3D, composite, porous networks with tunable
silica morphologies and distributions. hMSCs were found to attach, proliferate, and
differentiate toward osteogenic lineages with early bone formation on these composite
structures [44]. Besides bone-related applications, cell-material interactions have been
probed using a series of peptides bound to gold, platinum, glass, and titanium with RGD
sequences. These inorganic-binding peptides control the adhesion and spreading of
fibroblast cells through the immobilization of RGD ligands on solid surfaces [85]. In a
highly creative application, the rational design of thermostable vaccines was achieved by
engineering biomimetic nucleating peptides to induce virus self-biomineralization under
physiological conditions. The engineered, self-biomineralized vaccine was found to have
better thermostability for long-term storage at ambient temperature [86].

4.2. Antimicrobial activity

Multidrug-resistant bacteria are a severe threat to public health. Conventional antibiotics are
becoming increasingly ineffective as a result of evolving drug resistance, and therefore it is
imperative to find new antibacterial strategies. Natural antimicrobial peptides (AMPs) are
innate immune system effectors to defend host organisms against microbes, but most of
them have relatively modest antibiotic activity. Enhanced variants have been developed
using rational design, optimization strategies, and computer-assisted design strategies [87].
Induced amphipathic a-helical conformations were found to play an important role in the
antimicrobial activity of these peptides [88]. Additionally, most of the AMPs tend to form
amyloid-like structures to destabilize phospholipid bilayers, suggesting that these
aggregation-prone structures may have served as templates from which AMPs were
evolutionarily derived [89]. Based on these structural guidelines and computer-assisted
technologies that relate primary sequence to peptide structure, more potent, cost-effective,
broad-spectrum peptides are being identified as potential next-generation, anti-infective
peptides [87]. Some AMPs have already been included as eECM modules to create
multifunctional biomaterials for medical use. In one study, three new fusion proteins were
designed, cloned, and evaluated for function by fusing the sequence of dragline spider silk
with three different antimicrobial peptides. These engineered proteins demonstrated
compatibility with mammalian cells while offering resistance to Gram negative Escherichia
coli and Gram positive Saphylococcus aureus [90].
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4.3. Immune modulatory peptides

Understanding the immune responses against eECMs is of significant importance in their
ultimate clinical use. Peptides are generally poor immunogens and typically require
coadministration with adjuvants to elicit antibody responses; however, their immunogenicity
can enhance significantly upon assembly and multimerization of supramolecular stuctures
[91]. Self-assembling peptides have shown significant variability in immunogenicity, with
many peptides inducing minimal antibody responses, but others inducing strong responses in
the absence of any supplemental adjuvants [91-94]. Collier et al. have exploited these
interactions by designing self-assembling peptides for use as chemically defined immune
adjuvants [92]. Peptide epitopes, assembled into nanofibers via a short synthetic
fibrillization domain, elicited high antibody titers without any adjuvant. This strategy
represents a simple, chemically defined method to dramatically elevate antibody responses
to peptide epitopes [93]. These same ideas can also be used to create eECMs with minimal
immunogenicity. For example, the self-assembling peptide, OVA-Q11, which elicits a
strong, T cell-dependent antibody response in mice, was modified by deleting the amino
acid regions in the peptide that are recognized by T cells, thereby greatly diminishing
immune responses [94] (Figure 5). Taken together, this work demonstrates that eECMs can
be modulated either to raise a strong antibody response, and hence find potential use in
immunotherapies, or to avoid such a response, and hence find use as scaffolds for
regenerative medicine applications.

4.4 Dynamically responsive peptides

Hydrogels that harness protein motion to achieve dynamic responsiveness have great
potential in biotechnology applications. Through careful design, protein motion at the
molecular level can be translated into macroscopic changes in hydrogel properties. For
example, calmodulin, a hinge motion protein, has been designed into hydrogels that collapse
upon binding of calcium ions or other specific biochemical ligands, leading to significant
decreases in hydrogel volume [95]. In one example, a mutant version of calmodulin was
used as a crosslinker to form a poly(ethylene glycol)-based hydrogel network [46]. In
another design, poly(ethylene glycol)-calmodulin conjugates were photocrosslinked to form
dynamic hydrogels that could undergo tunable volume change (up to 80%) based on the
gelation conditions [47] (Figure 6).

In addition to calmodulin, catalytic enzymes have been used as modules in the design of
dynamic biomaterials. One study employed a protein that underwent a nanoscale
conformational change upon binding to a substrate, which was translated into macroscale
mechanical motion and control of hydrogel swelling [48]. As another example, a glucose-
responsive hydrogel was fabricated by conjugating a glucose/galactose-binding protein
within an acrylamide hydrogel network, resulting in a quantitative, accordion-like dynamic
response upon addition of glucose [26]. Dynamic hydrogels can also be generated by
metallothionein conformational changes that respond to heavy metal ions. Upon binding of
various toxic heavy metal ions, such as mercury and cadmium, metallothionein undergoes
collapse from an extended coil to a more compact, globular morphology. When incorporated
into poly(acrylamide) hydrogels, metallothionein’s conformational shift was translated into
an up to 80% decrease in hydrogel swelling [96].

Photo-switchable self-assembly is another emerging strategy in the fabrication of smart,
functional eECMs. Reversible optical control of protein structure and function offers the
possibility of probing and manipulating complex cell microenvironments [97].
Photocontrollable peptides that are reversible are often based on a helix-coil transitions. For
example, a simple light-activated system employed a peptide designed to self-assemble into
hydrogels depending on its intramolecular folded conformational state [98]. This system
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utilized a photocaged peptide that remains unfolded in aqueous medium and a freely, soluble
unfolded peptide that is stable to ambient light. Irradiation of the solution released the
photocage and triggered peptide folding to produce amphiphilic a-hairpins that self-
assembled into viscoelastic hydrogels. Fibroblasts seeding indicated that the gel surface
supported cell adhesion, proliferation, and migration [98]. Azobenzene is another widely
used, light-responsive molecule. In one example, an azobenzene-linked, symmetrical gemini
a-helical peptide was designed to enable light-switched, self-assembly due to reversible,
molecular transitions between Z- and U-structures. The self-assembled morphology was
observed to reversibly change between nanofibers and nanospheres in acidic medium, and
between nanospheres and vesicles in basic medium [99].

5. Conclusions

In summary, protein eECMs have been designed with molecular precision to fabricate 3D
biomaterial scaffolds that mimic many of the features of native ECMs. With the
advancement of recombinant protein engineering technology and various crosslinking
mechanisms, eECMs have been designed with independently controlled functional modules
that encompass fibril structural domains, highly tunable mechanical compliance, cell-
instructive biochemical functionalities, and tailored cell-responsive degradation profiles.
The repertoire of peptide modules that can be successfully designed into protein-based
eECMs is fast developing, which enables the virtually limitless design of multifunctional
materials. Furthermore, additional functionality using synthetic organic materials or
inorganic components can be combined and sequestered in the eECM matrix with ease. This
emerging class of biomaterials offers a versatile platform with decoupled material
parameters for the development of physiologically relevant in vitro cultures. These scaffolds
are well suited for fundamental biological studies of cell-matrix interactions as well as for
translational applications in clinical therapies.
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Figure 1.

Schematic of peptide and recombinant protein synthesis to construct eECM biomaterials.
Peptide synthesis is conducted by either solid phase or liquid phase synthesis that results in
short peptide chains for self-assembly or conjugation into eECMs. Recombinant protein
synthesis involves the modular design of peptide modules derived from native sequences,
predicted through computational modeling, or identified by high throughput combinatorial
screening. These modules are concatenated and translated into a DNA template, which is
then cloned into a genetic vector and transformed into the host cell of choice, where
production of the engineered protein occurs. After purification, the target protein is further
processed via self-assembly, crosslinking, or electrospining into 3D eECM biomaterials.
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A physically crosslinked hydrogel formed upon mixing of two modularly designed
polypeptides for the encapsulation of mouse adipose-derived stem cells (MASCs). (a)
Schematic of Mixing-Induced, Two-Component Hydrogel (MITCH) network (left) formed
after mixing of individual components (right). Protein sequences shown using single letter
amino acid abbreviations. (b) Images of mMASC (Fluc+) transplant sites in nude mice; sites
demarcated with dotted lines (day 0, left) and with bioluminescence (BLI) total flux overlay
(day 3, right). (c) BLI measurements of cell retention. Data normalized to day 1 and reported
as mean + SEM; n =5 or 6; * p< 0.0001. Adapted from reference [100], copyright 2012,
reprinted with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 3.

A chemically crosslinked ELP hydrogel for the encapsulation of dorsal root ganglia (DRG).
(a) ELPs were designed with modular repeats of bioactive (grey) and elastin-like (green)
sequences. The bioactive domains were either an extended RGD sequence or a non-
adhesive, scrambled RDG sequence. (b) The elastin-like structural domains included lysines
(purple) for site-specific crosslinking with amine-reactive crosslinkers yielding a 3D
hydrogel network. (c) Photograph (left) and schematic (right) of ELP hydrogel within a 5-
mm silicone mold (orange) to encapsulate a single DRG cluster for culture within a 24-well
plate. (d) Neurites extended from the initial DRG explant in hydrogels with 0 and 1.9 x 107
cell-adhesive RGD ligands um=3 over the course of 7 days culture. (e) Neurites extended by
day 1 in 0.5 kPa hydrogels, by day 3 in 1.5 kPa hydrogels, and not until day 7 in 2.1 kPa
hydrogels. Adapted from reference [12], copyright 2012, reprinted with permission from
Elsevier.
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Figure 4.

Design of short hydroxyapatite (HAP)-binding peptides. (a) Schematic diagram of the phage
display process for single-crystalline HAP whiskers. (b) A model of the proposed interaction
of the collagen-like peptide CLP12 with the single-crystalline HAP surface, showing closely
matched distances between adjacent hydroxyl residues and the HAP crystal lattice. Adapted
from reference [42], copyright 2011, reprinted with permission from American Chemical
Society.
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Figureb.

Schematic of a self-assembling peptide system that can be modulated to either raise a strong
antibody response or to avoid such a response. The immune system (left) consists of
antigen-presenting cells (APC), T cells, and B cells. Peptide assemblies containing the
OVA323_339 antigen (top middle) elicit strong antibody responses, while assemblies without
the antigen (bottom middle) elicit no significant responses. The engineered peptide system
underwent self-assembly to form nanofibrils (right). Adapted from reference [94], copyright
2012, reprinted with permission from American Chemical Society.
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Figure6.

A dynamic, protein-based hydrogel using a hinge-motion protein, calmodulin (CaM). (a)
Schematic representation of hydrogel network structure with CaM in the extended (left) and
collapsed (right) conformations. Cysteine residues engineered into the protein are delineated
by boxes. (b) CaM-based hydrogels undergo substantial volume changes as a result of
trifluoperazine (TFP) ligand binding. Photomicrographs showing CaM-based hydrogels with
CaM in extended conformation (left) and collapsed conformation (middle). The volume
decrease was recovered when gels were returned to an environment favoring the extended
CaM conformation (right). Adapted from reference [47], copyright 2007, reprinted with
permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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