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Background: Traditional materials used as in vitro cell culture substrates are rigid and flat surfaces that lack
the exquisite nano- and micro-scale features of the in vivo extracellular environment. While these surfaces
can be coated with harvested extracellular matrix (ECM) proteins to partially recapitulate the bio-instructive
nature of the ECM, these harvested proteins often exhibit large batch-to-batch variability and can be difficult
to customize for specific biological studies. In contrast, recombinant protein technology can be utilized to
synthesize families of 3 dimensional protein-engineered biomaterials that are cyto-compatible, reproducible,
and fully customizable.
Scope of Review: Here we describe a modular design strategy to synthesize protein-engineered biomaterials
that fuse together multiple repeats of nanoscale peptide design motifs into full-length engineered ECM
mimics.
Major Conclusions: Due to the molecular-level precision of recombinant protein synthesis, these biomaterials
can be tailored to include a variety of bio-instructional ligands at specified densities, to exhibit mechanical

properties that match those of native tissue, and to include proteolytic target sites that enable cell-triggered
scaffold remodeling. Furthermore, these biomaterials can be processed into forms that are injectable for
minimally-invasive delivery or spatially patterned to enable the release of multiple drugs with distinct
release kinetics.
General significance: Given the reproducibility and flexibility of these protein-engineered biomaterials, they
are ideal substrates for reductionist biological studies of cell–matrix interactions, for in vitro models of
physiological processes, and for bio-instructive scaffolds in regenerative medicine therapies.
This article is part of a Special Issue entitled Nanotechnologies - Emerging Applications in Biomedicine.

© 2010 Elsevier B.V. All rights reserved.
1. Introduction: Moving cell culture into the third dimension

The vast majority of in vitro mammalian cell culture studies are
performed on flat, rigid substrates (most often tissue culture
polystyrene (TCPS) or glass in the form of Petri dishes andmicroscope
slides) that do little to mimic the exquisite three-dimensional (3D)
nano- and micro-environments found in vivo. In the past, TCPS and
glass have been used because they are inexpensive, highly reproduc-
ible, cell-permissive for many cell types, and optically transparent.
However, numerous recent studies have highlighted the importance
of nano- and micro-scale structure [1], substrate mechanics [2,3], and
3D culture environments [4] in regulating cell adhesion, morphology,
migration, signaling, and differentiation [5–7]. Therefore, in order to
recreate physiologically relevant cell behavior in an artificial in vitro
environment, it is imperative to design new 3D culture substrates that
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more accurately mimic the extracellular matrix (ECM). The ideal
culture substrate would possess: (i) nano- and micro-scale repro-
ducibility, (ii) flexibility of design, and (iii) the potential to be directly
translated from lab-bench studies to clinical therapies. Here we
describe recent efforts by our laboratory and others to address these
goals through the molecular-level design of novel protein-based
biomaterials, Table 1.

These materials are completely constructed from engineered
recombinant proteins that are designed to mimic many of the
essential properties of natural ECM. Because these materials are
synthesized by host organisms through precise translation of a genetic
template, the resulting materials are highly reproducible at the
molecular level. The genetic template is constructed in a modular
fashion that enables easy customization of the engineered protein
sequence and hence tailoring of matrix properties such as mechanical
rigidity and cell adhesion [8–11]. Precise tuning of these matrix
properties has been shown to influence cell behavior, including
morphology, migration, gene regulation, intracellular signaling, and
differentiation [12–14]. Therefore, these materials have wide poten-
tial for use in reductionist in vitro studies of cell–matrix interactions,
development of in vitro platforms that recapitulate complex in vivo
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Table 1
Comparison of various cell culture substrates and matrices.

Traditional surfaces Naturally derived gels Designed gels

Petri-dish/
coverslip

Matrigel/collagen/
fibrin

Engineered
ECM

Dimensionality 2D 2D or 3D 2D or 3D
Reproducibility High Variable High
Mechanical
properties

Predetermined Low, poor
reproducibility

Tunable

Adhesion ligands Requires coating Yes, predetermined Yes, tunable
Matrix degradation No Yes, predetermined Yes, tunable
Fibrous network No Physiological Potentially

tunable
Commercial
availability

Yes Yes No

Clinic translatability No Potential Potential
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processes, and scaffolds for potential regenerative medicine therapies.
In the following four sections, we will (i) describe the design concepts
used to synthesize these materials and then give specific examples
of how these materials can be used to further (ii) mechanistic
understanding of cell–matrix interactions, (iii) development of in
vitro models of physiological processes, and (iv) advancement of
regenerative medicine therapies.
2. Designing protein-engineered mimics of ECM

Traditionally, when choosing a cell-culture substrate, the scientist
must decide between a natural or synthetic material, Table 1. Tissue
culture polystyrene, often modified by coating with natural ECM
proteins, tends to be the most popular culture substrate. But as cell
studies move toward 3D culture, naturally derived scaffolds are often
chosen because they are commercially available in a convenient
powder form that can be reconstituted into a 3D hydrogel. Since
natural materials such as Matrigel and collagen are derived directly
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Fig. 1. Schematic of the modular design strategy used to create two families of protein-eng
repeats of elastin-like modules, cell adhesion modules, and protease degradation modules
bonding between a crosslinker and multiple lysine amino acid residues on neighboring pro
repeating peptide sequences that hetero-assemble [23]. The engineered proteins form a phys
PPxY domains on neighboring protein chains.
from mammalian sources, they offer physiologically relevant chem-
istries and bio-functionalities. On the other hand, their biological
origins also impart an inflexibility of design; natural materials act as a
one-size-fits-all system that cannot be easily customized. Further-
more, the processing of commercially available natural materials
often destroys higher order structures such as fibrils, can have large
batch-to-batch variations, andmay initiate immunogenic responses in
in vivo studies [15]. It is for these reasons that synthetic polymeric
hydrogels, such as poly(ethylene glycol) (PEG) and poly(acrylamide)
derivatives, were introduced as cell scaffolds [16–20]. While these
materials are highly reproducible and customizable, they often lack
the nano- and micro-scale biological motifs that direct cell behavior
and must be carefully screened for potential cytotoxicity. Comparing
natural and synthetic materials, the former provides the advantage of
a highly biomimetic structure and chemistry, while the latter supports
reproducibility and customization.

In order to combine the advantages of natural and synthetic
materials, engineered proteins can be designed for use as cell culture
substrates that are biomimetic, reproducible, and customizable
(Fig. 1). Through careful selection of the primary amino acid sequence,
the resulting engineered ECM-mimetic proteins can be customized to
have the desired physical structures, biomechanical properties, and
biochemical properties for a particular application. In addition, since
these proteins are based on the 20 canonical amino acids found in
biological systems, they are inherently cyto-compatible. The primary
amino acid sequence is designed by choosing shorter peptidemodules
that are known to elicit a specific biological response and/or fold into a
specific physical structure. These peptide modules can be derived
from naturally occurring protein sequences [21], selected through
high-throughput screening of random sequences [8,22], or predicted
through computational methods [23,24]. While engineered protein
sequences can also be fabricated using solid-phase synthetic chem-
istry techniques, recombinant protein expression that utilizes the
translational machinery of a host organism allows unparalleled
molecular-level control over the primary amino acid sequence [25].
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Fig. 2. Flow chart showing the sequence of experimental steps used to fabricate a protein-
engineered biomaterial. Once a sequence of repetitive peptide modules is designed, the
primary amino acid sequence is encoded in a recombinant gene. Solid-state oligonucleotide
synthesis and molecular biology cloning are used to create a plasmid harboring the
recombinant gene. The plasmid is transfected into the host of choice, often E. coli. The
biosynthetic machinery of the host translates the genetic message into an expressed
engineered protein. The target protein is purified away from the host contaminants; for
example, differential solubility induced by temperature cycling is often used to purify
elastin-like proteins [8]. The proteins are processed into a suitable scaffold throughchemical
orphysical crosslinking. The scaffolds canbeused for both2Dand3Dcell culture techniques.
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Through careful design of a flexible recombinant cloning strategy,
each desired peptide module can be encoded in a specific oligonucle-
otide that serves as amolecular building block (Fig. 2). Oligonucleotides
Fig. 3. Images of an elastin-like, protein-engineered biomaterial. (A) Photograph of a ch
micrograph of human umbilical vein endothelial cells (HUVEC) growing within a 3D enviro
encoding the selected peptide modules are then spliced together to
create a repetitive gene that encodes the engineered ECM-mimetic
protein. Several genetic building blocks can be mixed and matched
together to design multiple related recombinant genes that encode a
family of customized ECM-mimetic proteins with tailored scaffold
properties. Once a recombinant gene encoding the desired primary
amino acid sequence is synthesized using traditional molecular biology
protocols, the resulting plasmid is transformed into a carrier host.
Escherichia coli bacteria are often chosen ashost organisms because they
are robust, divide rapidly, and require inexpensive fermentation media.
The E. coli bacteria translate the genetic template into an exact primary
amino acid sequence. The newly synthesized engineered protein can be
purified using a variety of methods such as affinity chromatography
[23], differential solubility [26], and size-exclusion chromatography,
depending on the properties of the designed sequence. These
techniques can be optimized to yield significant amounts of purified
engineered protein (e.g., up to 1.6 g/L) [27] with FDA-acceptable levels
of bacterial contaminants (e.g., as low as 0.065–0.115 endotoxin units/
mg protein) [28], adequate for the formation of bulk cell culture
substrates (Fig. 3).

Integrating concepts from biochemistry, molecular biology, and
polymer physics, our group has designed two ECM-mimetic protein
families using this modular protein-engineering strategy (Fig. 1). The
modules chosen in our protein designs include sequences to initiate
cell adhesion (e.g., integrin-binding peptides), sequences to confer
resilience (e.g., elastin-like peptides), sequences to promote physical
crosslinking (e.g., association peptides), and sequences to enable
scaffold degradation (e.g., proteolytic target sites) [8,10,11,23,29,30].
By utilizing these nanoscale design motifs in various combinations at
defined ratios, we can independently customize the properties of the
resulting substrates, such as matrix stiffness, cell adhesivity, and
proteolytic degradation. Within the field of engineered protein-based
biomaterials, a large library of nanoscale peptide design motifs has
been explored [21,31–34]. These include motifs to induce minerali-
zation [35] and signaling [36] as well as structural modules such as
silk [37], collagen [38,39], and coiled-coil [40] peptides. Despite this
large body of work, the amazing diversity of evolved protein
structures represents an immense potential to design new protein-
engineered biomaterials with novel functionalities.

In the following three sections, we will describe three potential
application areas where protein-engineered biomaterials are able to
enhance biological andmedical research: fundamental studies of cell–
matrix interactions, in vitro models of complex physiological
phenomena, and development of scaffolds for regenerative medicine.
For each section, we provide case studies using our own protein
designs; however, the reader is also directed to additional examples
contained within the following recent reviews [41–46]. In addition to
the full-length protein-engineered materials described in this review,
emically crosslinked scaffold, 5 mm in diameter, 2 mm in height. (B) Phase contrast
nment inside a chemically crosslinked scaffold.
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much exciting work is also being performed in the field of small-
molecular-weight, peptide-engineered materials. While this work is
outside the scope of the current review, the reader is directed to the
following excellent reviews of that field [47–49].

3. Protein-engineered biomaterials in reductionist
cell–matrix studies

Fundamental studies of cell–matrix interactions are often difficult
to interpret due to the complex crosstalk between biochemical and
biophysical factors. When performed in vitro, the ability to produce
precise experimental micro-environments with single-variable con-
trol severely limits the possibility of confounding results. The use of
protein-engineered biomaterials in place of traditional cell culture 2D
substrates and 3D matrices confers the ability to independently
manipulate biochemical and biomechanical cues to perform reduc-
tionist experiments with a series of definitive single-variable changes,
thus parsing the complex crosstalk among multiple environmental
factors. Furthermore, these biomaterials alleviate the potential batch-
to-batch variability often exhibited by harvested, naturally occurring
proteins.

Bio-instructive domain sequences incorporated into the recombi-
nant protein system present specific biochemical cues to surrounding
cells. As a first example, cell-adhesive peptide modules are commonly
included in protein-engineered biomaterials to initiate cell adhesion
and subsequent cell signaling via specific ligand–receptor interactions
(Fig. 4). In contrast, naturally occurring ECM proteins generally con-
tain multiple bio-instructive ligands that may be present at varying
ratios depending onmRNA splice variants, sources of harvested tissue,
and methods of ECM protein purification. The types of adhesive
ligands included in protein-engineered biomaterials include peptide
modules that are recognized by integrin cell surface receptors (e.g.,
the RGDS and REDVmodules of fibronectin) [10,50,51], other ECM cell
surface receptors (e.g., the YIGSR module of laminin) [30], and cell–
cell adhesion receptors (e.g., cadherin modules and neural-cell-
adhesion-molecule modules) [30,52]. To verify that cell behavior is
a direct consequence of a specific ligand–receptor interaction, a
negative control protein-engineered biomaterial can be designed that
contains a variant of the adhesive module with a scrambled amino
acid sequence to disrupt ligand–receptor binding [8]. Because both
the test biomaterial and the negative control biomaterial have nearly
identical amino acid sequences, they generally have similar isoelectric
points, hydrophobicities, mechanical properties, and structural
properties. Therefore, a direct comparison of cell behavior on bio-
materials containing the putative ligand and the sequence-scrambled
Fig. 4. Customizing the identity and density of bio-instructional ligands. Top: Encoding
various nanoscale ligand modules into the primary amino acid sequence will yield
protein-engineered biomaterials that elicit specific functionalities. Bottom: The density
of the ligand present in the scaffold can be tailored without altering the overall protein
density; therefore, these are ideal scaffolds for reductionist single-variable studies.
ligand allows for elimination of other potentially confounding
experimental variables (e.g., non-specific binding of function-block-
ing antibodies or incomplete knockdown of receptor expression). For
example, the adhesion of PC12 neuronal-like cells to elastin-mimetic
biomaterials was prevented by replacing the putative RGDS integrin-
binding sequence with the scrambled RDGS control sequence,
confirming the functionality of the cell-adhesive RGDS motif [8].

Beyond simply testing for the effects of the presence of a specific
bio-instructive ligand, protein-engineered biomaterials also allow
straight-forward manipulation of the concentration of ligands
presented to each cell. For example, by simply mixing together
protein-engineered family members with the putative RGDS and the
scrambled RDGS sequences at varying ratios, a family of scaffolds is
created with specific ligand concentrations [8]. In this example, the
two protein-engineered family members are pre-mixed and then
chemically crosslinked to form a single amorphous hydrogel;
therefore, the RGDS ligands are assumed to be uniformly distributed
throughout the scaffold. Similar to the example presented above, here
the substrates have identical protein concentrations, isoelectric
points, hydrophobicities, mechanical properties, and structural
properties, enabling single-variable studies of ligand concentration.
Neurite extension from differentiated PC12 cells was found to be
directly related to the RGD ligand density between the concentration
range of 0 to 1.82 RGD/nm2 [8]. Furthermore, these types of
engineered systems can often be designed to present much higher
ligand concentrations than would normally be found in vivo. Previous
work with an IKVAV sequence has demonstrated that high concen-
trations may lead to enhanced neuronal (as opposed to glial)
differentiation of neural stem cells [53]. Finally, by designing modular
protein-engineered scaffolds withmultiple bio-instructivemodules, it
is possible to probe the synergistic effects of many different ligand
combinations [30]. This can be achieved simply by combinatorially
mixing together multiple protein-engineered family members that
contain different nanoscale motifs at tailored concentrations. Alter-
natively, the primary amino acid sequence of a single protein-
engineered family member can be designed to include multiple bio-
instructive modules at pre-determined ratios.

Although modular design of protein-engineered ECM mimics is a
powerful tool for the simplification of complex experiments, the
insertion of a specific amino acid sequence into a recombinant
protein is not guaranteed to recapitulate the full activity of that
sequence when present in the naturally evolved protein [51,54]. The
identity of flanking amino acids may impact the accessibility as well
as the secondary and tertiary structures of the target amino acid
sequence, thereby altering the domain's functionality. For example,
a single point mutagenesis in the primary amino acid sequence over
40 residues away from a putative minimal binding peptide motif
was shown to alter the activity of the CS5 cell-binding domain in a
protein-engineered ECM mimic [55]. Therefore, the tertiary struc-
ture and activity of all naturally derived sequences inserted into
protein-engineered ECM mimics must be assayed to ensure that the
modules are producing the intended effect. To help ensure that
peptide bioactivity is retained when fused to adjacent peptide
modules, many groups include flexible spacer regions between the
peptide modules to encourage greater conformational flexibility
[40]. Additionally, most peptide modules used to date in protein-
engineered biomaterials have been based on relatively simple
amino acid sequences that are known to adopt a bioactive
conformation even when presented as short peptides (e.g., the
RGD cell-binding domain). As the field of protein-engineered
biomaterials continues to mature, new protein modules with more
complicated tertiary structures and functional activities are begin-
ning to be incorporated into modular synthetic proteins. For
example, two enzymatic modules (an aldo-keto reductase domain
and a polyphenol oxidase domain) have been successfully incorpo-
rated into chimeric fusion proteins with self-assembling leucine
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zipper domains to form catalytically active protein hydrogels
[56,57].

In addition to the influence of bio-instructional ligands on cell
behavior, the influence of matrix mechanical properties on cell
adhesion, morphology, migration, gene regulation, and stem cell
differentiation has been demonstrated for multiple cell types
[2,3,20,58]. Many studies on cell–matrix mechanics interactions
have utilized naturally-derived ECM proteins such as collagen [59–
61]. By altering the protein concentration (and hence density) of the
matrix, the mechanical properties can be tuned to be stiffer or more
compliant. However, alterations in protein concentration simulta-
neously change the density of bio-instructional ligands present in the
matrix, making it difficult to parse apart the effects of these two
variables. In response, several groups have begun to use synthetic
polymeric matrices such as chemically crosslinked poly(acrylamide)
gels for cell–matrix mechanics studies [19,20]. These materials are
generally not inherently cell adhesive and must be subsequently
modified with natural ECM proteins or minimal cell-binding peptide
modules to enhance cyto-compatibility [19]. Another alternative is
the use of protein-engineered ECM mimics, which enable direct and
simultaneous independent tuning of the ligand density and the
mechanical properties of the cell culture matrix (Fig. 5).

Engineered ECM mimics are generally amorphous hydrogels that
are composed of multiple protein chains crosslinked together through
chemical crosslinks (e.g., covalent bonding) [8], physical crosslinks
(e.g., hydrogen bonding) [23,40], or even both [62]. Althoughmultiple
factorsmay be tailored to influence themechanical properties of these
ECM mimics, the most accessible option is the modulation of
crosslinking density. An increase in the density of crosslinks results
in stiffer scaffolds (i.e., higher elastic moduli), while a decrease in the
density of crosslinks results in more compliant scaffolds (i.e., lower
elastic moduli). Depending on the nature of the crosslinks in the
designed ECMmimic, a variety of strategies can be utilized to alter the
crosslinking density while maintaining a constant ligand density. For
Fig. 5. Independent customization of ligand density and mechanical properties. Increasing
density will not affect the mechanical properties of the scaffold. Increasing the crosslinking
scaffold rigidity without affecting the ligand density. Therefore, this strategy is used to crea
example, in chemically crosslinked systems, the amino acids lysine
(K) and cysteine (C) are commonly used to induce site-specific
crosslinks through reaction with bi- or tri-functional crosslinking
molecules [8,63]. By increasing the number of K or C residues in the
primary amino acid sequence of the ECM mimic, the density of
potential crosslinks that can be formed is increased [64,65]. Similarly,
simply increasing the efficiency of the crosslinking reaction (e.g., by
modulation of temperature, buffer conditions, or crosslinker concen-
tration), the density of crosslinks can be easily tailored [8,64]. For
physically crosslinked systems, which are held together by transient
physical bonds, increasing the number of physical crosslinking sites
per protein chain results in stiffer matrices [23]. Another approach is
to increase the association energy between the physical crosslinking
sites, which also will increase the stiffness of the scaffold [23,40].
Finally, for both chemically and physically crosslinked systems,
designing longer engineered protein sequences can be used to
promote protein chain entanglements, which act like pseudo-cross-
links and stiffen the matrix [66]. For all of these strategies, careful
design of the primary amino acid sequence enables tailoring of the
matrix mechanics while maintaining a constant ligand density.

Although modular design of protein-engineered materials imparts
combinatorial flexibility, it also places additional responsibility on the
designer. Careful attention must be paid to any changes in the
material's properties as a result of redesigning the protein sequence.
For example, a change in sequence to include more crosslinking sites
may cause the protein to form secondary structures that were not
previously present, thus altering the mechanical properties in an
unintended way. As discussed above, alterations in primary amino
acid sequence may also affect ligand activity. Therefore, any tuning of
mechanical properties must be accompanied by an analysis of how
this customization may have impacted other variables.

One variable of particular importance to assess may be the mesh
size of the crosslinked scaffold (sometimes also referred to as the
“pore size”). Similar to the recently published results relating cellular
the bio-instructional ligand density (vertical axis) without altering the overall protein
density (horizontal axis) without altering the overall protein density will increase the
te a family of related ECM-mimetic biomaterials with customized properties.

image of Fig.�5


Fig. 6. Schematic of physiological processes that can be modeled in vitro using protein-
engineered biomaterials. Many physiological processes occur in 3D micro-environ-
ments that are difficult to access in vivo and to recreate in vitro. Protein-engineered
biomaterials are suitable scaffolds to be customized for ECM-mimetic in vitromodels of
cell–matrix remodeling, cell migration, collective cell–cell interactions, and stem/
progenitor cell differentiation.
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mechanotransduction behavior to matrix stiffness, the mesh size of a
crosslinked scaffold is also known to be an important variable in
regulating cell proliferation and migration in 3D matrices [67,68]. In
general, stiffer scaffolds will also exhibit smaller mesh sizes. As the
frequency of crosslinking is increased, the mesh size available for
diffusing nutrients and soluble factors becomes smaller, resulting in a
more rigid and diffusion-restrictivematrix [69]. In contrast, increasing
mesh size influences the likelihood that cells seeded on a 2D scaffold
will infiltrate into the matrix or that cells seeded within a 3D scaffold
will have sufficient free volume to migrate [70,71]. Therefore, while
independent customization of the scaffold elastic modulus and the
scaffold ligand density can now be readily achieved, new strategies
are required to begin to dissect the intertwined effects of mechan-
otransduction and scaffold mesh size.

4. In vitro models of physiological phenomena using
protein-engineered materials

While a reductionist approach is required to parse the crosstalk
among several different signaling pathways during cell–matrix inter-
actions, studies of physiologically relevant cellular phenomena often
require complex signaling micro-environments. In vivo, a multitude of
3D cues are presented to each cell in order to reinforce and refine a
particular directive; however, in vivo studies have several disadvantages
such as limited experimenter access to the tissue site, limited ability to
perform time-lapse imaging, limited ability to quantitatively customize
the micro-environment, and limited ability to perturb a specific cell
phenotype without inadvertently disrupting other biological processes.
As a consequence, the results of in vivo studies often can be difficult to
quantitatively interpret because the effects of a single experimental
variable are layered over the responses to a multitude of other cues
present in the micro-environment. In addition, in vivo studies are
expensive to perform, require extensive technical training, and present
important ethical considerations. In response, in vitro 3D culturemodels
are being developed to enable quantitative analyses of physiologically
relevant phenomena such as matrix remodeling, cell migration,
coordinated cell–cell interactions, and progenitor/stem cell differenti-
ation (Fig. 6).

Each of these physiologically relevant phenomena is a dynamic
process that occurs over a time frame of minutes to weeks. In vivo, the
micro-environment is also dynamic, with alterations in bio-instruc-
tional ligands, matrix structure, and matrix mechanics responding to
the changing needs of the local cells. In contrast, a static cell culture
substrate, as discussed above, has pre-designed ligand density and
scaffold mechanics to appropriately interact with cells at a single
specific time point that may not be appropriate at later times.
Therefore, temporal control over scaffold remodeling during the time-
course of an experiment is a critical additional property that the
experimentalist must be able to control. One strategy to accomplish
this is to design synthetic substrates that are responsive to external
triggers, such as light, to induce local changes in ligand density and/or
scaffold mechanics [18,72]. For example, this technique has been used
to create in vitro microenvironments that regulate cell migration in
response to dynamic changes in mechanics and regulate chondro-
genic differentiation in response to dynamic changes in ligand density
[18]. An alternative strategy to accomplish temporal control of
substrate properties is to mimic the proteolytic degradation that
occurs during matrix remodeling in vivo [29,73–75].

For protein-engineered biomaterials, proteolytic target sites can
be designed directly into the primary amino acid sequence at
specified locations. During experimental studies, the researcher may
choose to trigger rapid degradation with the addition of exogenous
proteases [29] or to allow cell-secreted proteases to control the
timing and extent of degradation [17,74]. Similarly, the extent of
degradation and the size of the resulting degradation fragments can
be controlled by incorporating fewer or greater numbers of
proteolytic target sites into the scaffold [8]. In addition, the kinetics
of the cleavage reaction can be customized by making point
mutations in the primary amino acid sequence [29]. For example,
three elastin-like biomaterials were designed to degrade in response
to the protease urokinase plasminogen activator (uPA). By making
three point mutations in the putative uPA target site, three scaffolds
with 97% sequence homology exhibited customized degradation
rates that spanned two orders of magnitude [8]. Depending on the
local concentration of protease, this range translated to degradation
on the order of minutes to weeks.

The initiation of 3D cell migration in vitro is largely dependent
on the scaffold's adhesivity and the ability to locally degrade [70].
While light and laser-assisted photocleavage or scaffold ablation
have been used to trigger cell migration for in vitro studies [18],
these strategies rely on experimenter-controlled parameters to
induce cell polarization into a leading, migrating edge. In contrast,
the secretion of proteases by cells in vivo is hypothesized to be a
localized, directional process that precedes directed migration and
that is triggered by soluble cues such as gradients of growth factors
[76]. For example, neurons are thought to selectively secrete the
protease uPA directly from the growth cone, i.e., the motile process
located at the tip of an extending neurite, while the stationary
soma, i.e., cell body, is not believed to secrete this protease [77].
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Therefore, by matching the target proteolytic sites in the scaffold to
the relevant proteases involved in the cellular process of interest, it
is possible to enable specific processes to occur (e.g., neurite
extension) while restricting other processes (e.g., soma migration).
Using similar types of strategies, synthetic matrices that degrade in
response to tissue plasminogen activator (tPA) [29], plasmin [17],
and matrix metalloproteinase-2 (MMP-2) [73,78] have also been
designed. Along with computational models of cell migration [79],
these engineered scaffolds are beginning to elucidate the funda-
mental mechanisms that govern 3D cell migration, which appear to
be quite different from previously studied 2D cell migration
mechanisms [4,80].

While the regulation of a single cell's migration is quite
intriguing, it is the coordinated migration of multiple cells that
ultimately results in the development or regeneration of new
tissues. The coordinated movement of multiple cells is regulated
through a complex interplay of cell–matrix and cell–cell interac-
tions. Protein-engineered biomaterials can aid in the study of cell–
cell interactions through two main strategies. First, peptide modules
that initiate cell–cell signaling cascades, such as sequences derived
from cadherin [52] and neural cell adhesion molecule (NCAM) [30]
cell–cell receptors, can be directly incorporated into the scaffold.
These cell–cell adhesion mimics may be able to elicit responses
from a single cell that mimic cell–cell contact effects [52]. Second,
ECM-mimetic scaffolds can be used as in vitro platforms for time-
lapse study of coordinated cell motions. For example, 3D cultures of
endothelial cells within elastin-like ECM-mimetic scaffolds with
appropriate elastic modulus, cell–ligand density, and biodegradabil-
ity undergo coordinated cell migration to form network-like
structures (Fig. 3B). This in vitro network formation mimics a
critical early step in in vivo angiogenesis, i.e., the formation of new
blood vessels from existing conduits [81]. Building on these early
successes, it may be possible to engineer scaffolds for in vitro co-
culture studies of more complicated organogenesis processes. For
example, the ECM-mimetic scaffold could be designed to permit
local biodegradation and coordinated cell migration of a particular
cell phenotype in response to protease secretion that occurs only
during a specific stage of development or during a specific disease
process.

In addition to studies of matrix remodeling, cell migration, and
cell–cell interactions, protein-engineered ECM mimics are also ideal
substrates for studies of progenitor and stem cell differentiation.
Recent reports have highlighted the role that matrix elasticity
[20,58], ligand–receptor interactions [18], and ligand density [82,83]
can have on stem cell differentiation. These engineered stem cell
niches enable systematic screening of multiple scaffold variables to
elucidate the specific cell–microenvironment interactions that direct
specific stages of differentiation [18,82,84]. To date, the majority of
these studies have relied on synthetic polymeric scaffolds and 2D
culture environments; however, the expanded use of protein-
engineered biomaterials will enable systematic scaffold perturbation
in 3D micro-environments that more closely mimic physiologically
relevant stem cell niches. For example, adult murine neural stem
cells were observed to self-renew and differentiate into glial (GFAP-
positive) and neuronal (MAP2-positive) phenotypes in 3D physi-
cally crosslinked, protein-engineered biomaterials [23]. Interesting-
ly, even in these relatively compliant matrices with moduli in the
range of 10–50 Pa (similar to the mechanical properties of
Matrigel), the neurites in these 3D cultures often extended over
hundreds of microns [23]. In contrast, in published reports of neural
stem cell differentiation on engineered 2D substrates, scaffolds with
moduli near 10 Pa were unable to support self-renewal or
differentiation [58]. This discrepancy suggests that similar to the
biological phenomenon of cell migration [4,79], the optimal micro-
environmental cues to induce differentiation may be different in 2D
compared to 3D.
5. Use of protein-engineered biomaterials in regenerative
medicine therapies

In the previous sections, we have discussed numerous approaches
to studying cellular behavior, all of which involved the sequential
layering of nanoscale engineered motifs in the protein-engineered
biomaterial to gradually achieve higher levels of complexity. This
modular design strategy also supports optimization of scaffold
designs for potential clinical applications, although the scaffold
requirements for translational therapies may be somewhat different
than those required for in vitro biological studies. Design considera-
tions for translational therapies can be grouped into three categories:
biomimicry, therapeutic intervention, and clinical handling require-
ments. The first and often most apparent approach is to specify
scaffold properties that mimic the ECM form and function of native
biological tissue [6]. Alternatively, the therapeutic strategy might be
to initiate tissue regeneration by performing drug delivery and/or
redirecting the natural immune response to improve the rate of
regeneration [85]. Last, any translational therapy must take into
account the practical requirements that accompany its clinical
application. Each of these three design considerations is discussed in
more detail below.

While cell implantation studies conducted through matrix-free,
direct cell injection into the site of injury have yielded encouraging
results, cell survival post-injection remains a major concern [86].
Matrix-assisted cell implantation is thus viewed as a promising
alternative to direct cell injection. Although regenerative therapies
often are focused on in vivo environments, many of these therapies
also require some form of tissue expansion or manipulation in vitro
before implantation. In particular, the worldwide donor shortage
makes in vitro cellular expansion a popular strategy to ensure the
implantation of a requisite number of cells. The choice of in vitro
micro-environment for pre-implantation culture is critical, as cells
will respond to the biomechanical and biochemical cues present in the
culture, which may alter subsequent cell behavior upon implantation.
Therefore, the reproducibility and tunability of protein-engineered
biomaterials makes them ideal scaffolds for cell expansion pre-
implantation. An additional potential advantage of protein-engi-
neered biomaterials is the possibility of directly expanding cells
within a specific scaffold and then transplanting the entire construct
(both cells and scaffold) into the host without requiring cell-harvesting
procedures.

In addition to matching of the biomechanical and biochemical
properties of the scaffold to mimic the natural tissue, several research
groups have also demonstrated thatmimicking structural aspects of the
natural tissue can also aid in promoting tissue regeneration [87–89]. For
example, aligned fibers, channels, and pores have been utilized to
promote longitudinal neurite guidance in scaffolds for spinal cord repair
[78,90–92]. Similar patterning strategies can be employed using
protein-engineeredbiomaterials. For example, nanoscalepeptidemotifs
can be included in the protein design to promote the self-assembly of
aligned silk-like fibrils [93], photoactive chemical moieties can be
included in the protein to enable photo-lithographic patterning [94],
and sequential chemical crosslinking can be utilized to create composite
structures of multiple protein-engineered family members [29]. In the
latter example, internal pillars of a faster-degrading protein were
encapsulated within a matrix of a slower-degrading protein. Because
the overall pore size of the scaffold was sufficient to allow the diffusion
of proteases, the internal pillars were proteolytically degraded, leaving
behind an inverted replica in the form of internal channels with pre-
determined dimensions within the surrounding scaffold [29]. These
types of internal structures may be helpful in promoting longitudinal
cellular alignment such as nerve fiber bundles or angiogenic sprouts.

While the aim of many regenerative medicine therapies is to
mimic the in vivo tissue as closely as possible, in other scenarios the
goal is to provide a therapeutic intervention, such as delivery of a drug



Fig. 7. Schematic of drug delivery strategies for protein-engineered biomaterials. The
release rate of an encapsulated drug can be customized through selection of an
appropriate delivery strategy. The simplest strategy is to physically entrap the drug
within the pores of the network and to allow delivery to occur through diffusion. Drug
release can be retarded by designing interactions between the drug and network, such
as affinity binding, which decrease the effective diffusion rate. By covalently grafting
the drug to the protein chain, the drug release can be targeted to occur in response to
network degradation, such as protease-induced chain cleavage. Finally, if the drug is a
peptide pharmaceutical, the drug can be designed directly into the primary amino acid
sequence of the scaffold and released upon network degradation.
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that will stimulate regeneration. These therapeutic interventions may
not correlate to physiological behavior, but they often take inspiration
from natural pathways in wound healing and tissue regeneration.
Several strategies can be utilized to deliver pharmacological agents
(including small molecules, peptides, and protein pharmaceuticals)
from protein-engineered biomaterials with customized release rates
(Fig. 7). Often, drug delivery from a polymeric- or protein-based
scaffold can achieve more sustained release profiles compared to the
burst profiles commonly associated with bolus injections [95]. The
simplest strategy is to encapsulate the drug within a scaffold with a
tailored mesh size that restricts the diffusion-mediated release of the
drug [96]. To further slow the release, the drug can be non-covalently
tethered to the protein-engineered scaffold through transient
physical bonds [97]. The drug can also be directly covalently bound
to the protein-engineered scaffold, either through the use of side-
chain grafting [29] or direct incorporation into the primary amino acid
sequence if the drug is a peptide pharmaceutical.
Covalent attachment of the drug within a protein-engineered
biomaterial enables the triggered release in response to cell-secreted
proteases (Fig. 8). Several diseases and injury states are characterized
by alterations in protease secretion [98–100]; therefore, biomaterials
that encode protease target sites may be suitable for the design of
disease-responsive treatment strategies that harness the degradative
action of disease-regulated proteases to release pharmaceuticals on
demand. Further customization of the kinetics of proteolytic degra-
dation can be combined with scaffold patterning to enable the release
of multiple drugs with distinct spatial and temporal release
profiles [29]. For example, two fluorescently labeled model drugs
were covalently attached to elastin-like proteins that are cleaved by
the protease uPA at two distinct rates. Each drug/engineered-protein
combination was patterned to form a disc-shaped “drug depot” that
was encapsulated by a third engineered-protein gel that was
enzymatically inert.Upon exposure to the enzyme uPA, the fluor-
ophore in the faster-degrading matrix depot was triggered to release
with a burst-like profile while the fluorophore in the slower-
degrading matrix depot was triggered to release with a sustained
profile [29]. By combining multiple drug delivery strategies and fine-
tuning the kinetics of release, future scaffold designs should enable
the triggered release of multiple drugs in response to specific cell
behaviors.

Finally, for all materials development for regenerative medicine
therapies, the surgical administration of the therapy in a clinical
setting must be carefully considered. Regardless of the scientific
complexity of the underlying regenerative mechanism, clinical
administration of the cell/scaffold construct must be as straightfor-
ward and reproducible as possible. For example, this could involve
designing a scaffold that initially has a more rigid structure to enable
easy handling and surgical manipulation; however, after implanta-
tion, the scaffold can undergo designed proteolytic degradation either
to achieve a more compliant structure that mimics the mechanics of
natural tissue or to reveal 3D voids that may guide cell behavior.

For many clinical applications, minimizing the use of invasive
surgical procedures through the direct injection of cells, drugs, and/or
scaffolds is a key goal. However, direct injection of cells during
regenerative medicine therapies often results in extremely low
transplanted cell viability [86]. Pre-encapsulation of transplanted
cells within hydrogel scaffolds is being explored by several groups as a
means to increase transplanted cell viability, provide the transplanted
cells with a hospitable micro-environment post-implantation, and
ultimately enhance the effectiveness of these promising therapies.
While several injectable physical hydrogels including collagen,
Matrigel, fibrin, and alginate are being investigated for cell encapsu-
lation therapies, all of these materials require that the transplanted
cells be briefly exposed to non-physiological conditions during the
encapsulation process such as large shifts in temperature, pH, or ionic
concentration [40,101–104]. These encapsulation strategies may
irreversibly damage the encapsulated cells and accompanying
proteins and can be difficult to reproducibly control in a clinical
setting. In response, a protein-engineered biomaterial was recently
designed to enable cell encapsulation at constant physiological
conditions [23]. The two components of the hydrogel are freely-
flowing liquids when kept separately; however, upon mixing, the two
components form physical crosslinks between hetero-associating
peptide modules, resulting in the formation of a hydrogel. By simply
pre-suspending cells, proteins, or drugs in either of the components
prior to mixing, enables uniform encapsulation throughout the
hydrogel. Because the hydrogel is held together through transient
physical crosslinks, thematerial is shear-thinning. Upon application of
shear force, such as that experienced by hand-injection through a
syringe needle, the hydrogen bonds dissociate and allow the material
to flow as a liquid. Upon removal of shear force, the hydrogen bonds
re-form and the material self-heals to form a hydrogel with identical
mechanical properties as before injection [23].

image of Fig.�7


Fig. 8. Customization of drug release profiles from protein-engineered biomaterials. (A) Phase contrast micrograph of a 3D patterned elastin-like biomaterial designed to release two
model drugs with two distinct spatial and temporal delivery profiles [57]. Scale bar=1 mm. Two fluorescently labeled model drugs were covalently grafted to two different
engineered proteins, patterned into two disc-shaped drug depots, and encapsulatedwithin a third engineered protein hydrogel by chemical crosslinking. The upper drug depot, which
is fabricated from a protein designed to slowly degrade in response to the protease uPA, provides a sustained release of themodel drug. The lower drug depot, which is fabricated from
a protein designed to quickly degrade in response to uPA, provides a burst-like triggered release of the model drug. After several days, the upper drug depot is still present while the
lower drug depot has completely disappeared. (B) Schematic of three potential drug release profiles that can be designed into protein-engineered biomaterials: burst release, timed
burst release (which can be designed to occur in response to a specific biochemical trigger like the protease uPA from the example in panel A), and sustained release.
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Another promising application for injectable protein materials is
the delivery of therapeutic drugs for anti-cancer therapy. The precise
modular design of these materials allows an environmentally
responsive targeting mechanism to be built directly into the drug
[21]. In one example, an inhibitory peptide that blocks cancer cell
proliferation was tethered to a thermo-responsive elastin-like
polypeptide carrier [34]. This thermo-responsive engineered protein
enables thermal targeting of cancerous cells while protecting the
stability of the inhibitory peptide. Using the design techniques
described in this review, there are numerous opportunities to use
protein engineering to deliver customized carrier systems for targeted
therapeutics.

While recombinantly engineered protein materials provide a
robust and versatile platform for cell-based studies in vitro, their use
in vivomust be accompanied by stringent purification steps as well as
clinical trials. The most formidable opponent to the clinical applica-
tion of protein-based materials is the possibility of immunogenicity.
Regardless of the intended biomimicry that a protein material may
offer, there are numerous opportunities for the material to elicit an
unintended biological effect in the patient. In fact, many commonly
implanted synthetic biomaterials previously thought to be inert are
now known to affect the immune system [105]. Due to the bacterial
origin of many recombinant proteins, high levels of endotoxin, which
can trigger an innate immune response, may be present in the
samples. Endotoxin removal is commonly performed on commercial-
ized recombinant protein therapeutics and can be achieved by several
methods such as affinity column chromatography. Previousworkwith
elastin-like biomaterials for potential use as small-diameter vascular
grafts has demonstrated the ability to remove endotoxin below U.S.
Food and Drug Administration requirements for gram-scale implan-
tation into adult humans [55]. This work also demonstrated that the
residual amounts of endotoxin present (0.065–0.115 endotoxin units/
mg) were unable to elicit a response from primary human umbilical
vein endothelial cells in in vitro culture [55]. As with all biomaterials
including synthetic or naturally harvested materials, all post-
purification handling must also minimize exposure to potential
endotoxin contamination. In addition to potential innate immune
responses, the non-self amino acid sequences potentially present in
protein-engineered biomaterials may serve as epitopes for antibody
production by the adaptive immune system. Taking inspiration from
the development process for pharmaceutical vaccines, biomaterial
designers may be able to screen multiple amino acid sequences in
order to find protein materials that are less immunogenic [106]. As
with the development of all new customized biomaterials, potential
translation to a clinical setting will require thorough and independent
testing of each new material candidate.

Despite the obstacles involved in preparing protein materials for
therapeutic applications, protein-based biomaterial therapies are
beginning to enter clinical testing. For example, a silk-elastin protein
material (NuCore from Spine Wave, Inc., originally designed by
Protein Polymer Technologies, Inc.) was approved to enroll patients in
a pilot clinical trial to assess product safety for potential use in spinal
disc arthroplasty [107]. In addition, many FDA-approved recombinant
protein therapies have been developed and marketed by the
pharmaceutical industry. The widespread use of these recombinantly
derived drugs suggests a promising future for protein-based materials
in clinical therapies.

6. Conclusion

In summary, protein-engineered biomaterials are ideal scaffolds
for specific biological and medical research endeavors that require
highly reproducible, cyto-compatible, customizable materials. Be-
cause protein-engineered biomaterials are synthesized using recom-
binant protein techniques, they enable exact control over the primary
amino acid sequence. A modular design strategy is used to mix and
match multiple nanoscale peptide motifs into a single full-length
protein that mimics many of the essential properties of natural ECM.
Through careful design, these materials can be engineered to elicit
specific cellular behaviors through customization of cell–ligand
interactions, tailoring of scaffold mechanical properties, and temporal
modulation of scaffold bio-degradation.While these biomaterials may
be useful for a wide range of biological andmedical research activities,
they are particularly well suited to enable single-variable reductionist
studies of cell–matrix interactions, to develop in vitro models of
complex 3D physiological phenomena, and to facilitate direct transla-
tion between lab-bench studies and clinical studies of regenerative
medicine scaffolds.
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