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Abstract

In the development of tissue engineering strategies to replace, remodel, regenerate or
support damaged tissue, the development of bio-inspired biomaterials that recapitulate
the physico-chemical characteristics of the extra-cellular matrix has received increased
attention. Given the compositional heterogeneity and tissue-to-tissue variation of the
extra-cellular matrix, the design, choice of polymer, crosslinking and nature of the
resulting biomaterials is normally depended on intended application. Generally, these
biomaterials are usually made of degradable or non-degradable biomaterials that can be
used as cell or drug carriers. In recent years, efforts to endow reciprocal biomaterial-cell
interaction properties in scaffolds has inspired controlled synthesis, derivatization and
functionalization of the polymers used. In this regard, elastin-like recombinant proteins
have generated interest and continue to be developed further owing to their modular

design at a molecular level. In this review, we provide a summary of key extracellular
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matrix features relevant to biomaterials design and discuss current approaches in the
development of extra-cellular matrix-inspired elastin-like recombinant protein based

biomaterials.
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1. Introduction

Tissue integrity is maintained by complex reciprocal interactions between the cells and
the extracellular matrix (ECM) within which they are compartmentalized.'*? While the
human body has the ability to regenerate and heal small tissue defects, severe and large
insult to tissue resulting from injury, disease or congenital defects are more difficult and
present significant medical and socioeconomic challenges.®*! To address this, tissue
engineering and regenerative medicine (TERM) strategies, which include cell-based
therapies, biomaterials and a combination of both, with the aim to repair, replace,
remodel, regenerate or support damaged tissue have seen significant advancements and
continue to be developed further. In this regard, the development of biomaterials that
recapitulate the morphological, mechanical and biochemical properties of the ECM has
received increased advocacy.®® Hereof, it is well accepted that an ideal ECM-
mimicking scaffold should not only be able to provide a dynamic multifunctional
network able to transduce mechanical and biochemical signals that regulate cellular
activities but should also be dynamic and get remodelled along with the changing

cellular environment.!”!

Given the heterogeneity of the ECM and variation across and within different tissues,
the choice of the polymers used in scaffold development, the nature of the scaffold (e.g.
crosslinking type, degradation rate, functionalization etc.) is dependent on the intended
application and target tissue. In this regard, natural polymers are widely used in the
fabrication of ECM-inspired scaffolds for TERM applications because they offer a wide
range of physicochemical and mechanical properties combined with an inherent
biological recognition.®®) However, since natural polymers have a pre-determined
structure and the degree to which they can be derivatized and functionalized to endow

desired properties is limited, genetically engineering polymers have received increased



advocacy. This is because recombinant technologies allow for the controlled and
modular synthesis of the polymers tailored for the desired application at a molecular
level. Indeed, genetically engineered biomaterials based on structural proteins (e.g.
collagen,*? laminin,™ resilin®? or elastin™) are promising candidates in the
development of biomaterials for TERM. Their recombinant synthesis allows the
production of tailored scaffolds with precise chemical composition and tunable
bioactivities. In addition, the great variety of functional protein building blocks,
including structural, self-assembling or bioactive motifs, opens a wide range of
possibilities in the production and manufacturing of protein-based ECM-inspired
biomaterials. Additionally, recent advances in the expression systems and recombinant

DNA techniques demonstrate the feasibility for large scale production.**

In this review, we provide a summary of key ECM features explored in biomaterials
design. We further highlight the physico-chemical features of elastin and elastin like
recombinamers and discuss current approaches in the development of ECM-inspired

elastin-like recombinant biomaterials.

2. The Extracellular Matrix

The extracellular matrix (ECM) is ubiquitous and consists of a complex mixture of
interconnected cell-secreted molecules arranged to provide physical scaffolding for cells
and tissues, and to initiate physicochemical cues vital for normal tissue morphogenesis,
differentiation, homeostasis and healing.™*®! Fundamentally, human ECM is composed
of water, proteins and polysaccharides whose varying ratios within and across different
tissues reflect local functional requirements.!*®! Indeed, this marked variation in ECM
composition and topology across and within different tissues is generated during tissue
development and or regeneration (i.e. during wound healing) through a dynamic,

reciprocal and reiterative biochemical and biophysical dialogue between the various



cells and the evolving cellular microenvironment.™™ The physical, topological, and
biochemical composition of the ECM creates a variety of distinct tissue-specific

environments that recruit and modulate the activities of different cell types as per

requirement.1*>*71

The complex ECM architecture is represented schematically in Figure 1.
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Figure 1. Scheme of the general ECM space showing some primary ECM components
and the interactions between these components and cells. Reproduced with

permission.!*®! Copyright 2016, Elsevier.

3. ECM Components

Structurally, the ECM is mainly composed of two major classes of biomolecules:
glycosaminoglycans (GAGs) which are, with the exception of a soluble ones (e.g.
hyaluronic acid), mostly covalently linked to proteins forming proteoglycans, and
fibrous proteins, which include collagens, elastin, laminins and fibronectins.™® Through
the inter-cellular and cell-ECM interactions, cells produce, organize and determine the
type and ratio of both structural and non-structural proteins and molecules following

biochemical and mechanical stimuli.



3.1. Structure and Function of Proteoglycans

Proteoglycans (PGs) consist of highly anionic GAG chains covalently linked to a
particular protein core, with the exception of hyaluronan (or hyaluronic acid) as it lacks
a protein core.”™™ GAGs are highly varied in size, structure and chemistry, which results
in a great diversity within a given tissue. Indeed, GAGs form unbranched
polysaccharide chains composed of repeating disaccharide units [e.g. sulfated N-
aceltylglucosamine or N-acetylgalactosamine, D-glucuronic or L-iduronic acid and
galactose (—4 N- acetylglucosamine-B1,3-galactose-f1)], which can be classed as either
sulfated (e.g. chondroitin sulfate, heparan sulfate and keratan sulfate) or non-sulfated
(e.g. hyaluronic acid) GAGs.””) Owing to their anionic nature, proteoglycans are
extremely hydrophilic, and their highly extended conformation of tethered GAGs
amplifies their water-holding capacity. This enables the tissues within which they are
complexed to withstand high compressive forces (i.e. cartilage and skin).[20%!
Generally, these molecules can be classified according to their core proteins,
localization, GAG composition and size (large or small proteoglycans), with the latter
being the most common classification. Large proteoglycans (e.g. major proteoglycan of
cartilage, aggrecan and the fibroblast-derived large proteoglycan, versican) have
numerous highly sulfated GAG sidechains with high water-holding capacity and tend to
be abundant in ECMs ideally suited to withstanding high compressive forces (i.e.
cartilage, tendon and skin).”? In contrast, small proteoglycans (e.g. decorin, biglycan,
fibromodulin and lumican) have only one or two GAG side chains and are closely
associated with the collagen fibrils with a wide tissue distribution playing both
structural and regulatory roles (e.g. cell growth, adhesion, migration, differentiation,

angiogenesis).'”® Indeed, variety of functions that reflect their unique buffering,



hydration, binding and force-resistance properties. Several genetic and acquired

diseases have also been linked to mutations in proteoglycans genes.!*>?!

3.2. Fibrous Proteins

Of all the fibrous proteins, collagens are the most abundant and main structural
component of the interstitial ECM.['*?41 Different cells secrete collagen, with fibroblasts
secreting the most, and arrange the majority of it into triple-stranded helixes. Some of
these helixes, depending on collagen type, are further arranged into supramolecular
complexes such fibrils, sheets and cables that provide tensile strength, regulate cell
adhesion, support chemotaxis and migration, and direct tissue development and or
remodeling.*>?*! There are currently at least 27 types of collagens (collagen I — XXIX)
known in vertebrates, with 42 distinct polypeptide chains (alpha chains) and over 20
additional proteins with collagen-like domains.!”®! While collagen fibrils are generally a
mixture of different collagen types at varying ratios, one type normally predominates

(i.e. collagen I in skin and collagen Il in cartilage).l*>242¢]

Generally, the triple helical domains of collagen form as a result of glycine (G) being
used in every third residue (i.e., repeating peptide triplets of GXY, where X is often
proline, and Y is frequently hydroxyproline).[24] In each a chain, triple helical regions
(termed Col domains), are flanked by non-collagenous (non-GXY) regions, which often
contain recognizable peptide modules found in other matrix molecules.” This
molecular arrangement of collagen allows for the attachment of other structural and
non-structural (e.g. GAGs discussed above) molecules to impart unique biomechanical

and biochemical cues on cells and tissues.

One major structural protein that collagen associates with and provides complementary

function to collagen is elastin, mainly as elastic fibers, which consist of tropoelastin and



microfibrils.?) Whereas collagen provides tissue ECM with strength and the ability to
withstand high pressure, elastin is responsible for reversible extensibility (recoil
properties) of tissue and is particularly abundant in tissues that undergo repeated
stretching (e.g. ligaments, lungs and blood vessels).””®! Crucially, elastin stretching is
limited by the tight association with collagen fibrils.?] The complex assembly of elastic
fibers has been reviewed by others elsewhere.!?”?* Briefly, elastin makes up the bulk of
elastic fibers and it results from the assembly of and crosslinking of tropoelastin, its
precursor.?! Secreted tropoelastin molecules assemble into fibers that are enzymatically
crosslinked to one another through their lysine residues by the activities of the lysyl
oxidase (LOX) enzyme family (e.g. LOX and LOXL).*® Elastin fibers are covered by
glycoprotein microfibrils, mainly fibrillins along with other molecules such as fibulins,
EMILIN-1 and microfibril associated glycoprotein (MAGPS) which are also essential

for the integrity of the elastin fiber.!?"?*]

Since elastin has a half-life equivalent to human lifespan (about 74 years)®Y and the
complexity of the formation of elastic fibers, which involves elaborate spatial and
temporal regulation of all the involved proteins, recapitulation of elastic fibers in
healing and or regenerating of adult tissues remains a challenge.”® As such, the
incorporation of the elastin-like proteins in the design of ECM biomaterials should be
considered to mitigate this shortfall, which affects cellular processes such as adhesion,

migration, proliferation and differentiation.

Another important fibrous protein in the ECM, fibronectin, is mainly involved in
directing the organization of the interstitial ECM as well as mediating cell attachment
and function. Indeed, fibronectin is known to be susceptible to being stretched several
times over its resting length by cellular traction forces.*2 This cell-force-dependent

unfolding and folding enables the exposure (or deactivation) of cryptic integrin-binding



sites within the molecule that result in pleiotropic mechano-regulatory effects on

cellular behavior.B?

These structural molecules, their compositional and chemical makeup as well as nature
of inter-molecular and cellular interactions influence local ECM pH, the type and
conformation of some of the secreted (soluble and non-soluble) molecules such as
growth factors, cytokines, chemokines and proteases.!*® These molecules present in the

ECM are vital in the control of cellular responses and matrix remodeling.
3.3. Properties of the ECM

In order to mimic the features and properties of the ECM, various physiological ECM
characteristics, including mechanical, topographical and biological properties, must be

considered.!
3.3.1. Mechanical Behavior

All tissues have distinct intrinsic mechanical properties, which are important for
function and structure.®” Several non-invasive imaging techniques, such as ultrasound,
optical coherence tomography, and magnetic resonance elastography, have been used
for to measure tissue stiffness in vivo.*! However, a range of values can be found in the
literature depending on the technique used, measurement scale and activity status of the

tissue.

In vivo measurements have provided a range of values for the Young modulus, ranging
from 10 kPa for parenchymal tissue to 20 kPa for muscle and 50 kPa for connective
tissue.**) Whereas mechanical characterization of explanted tissues provide values,
ranging from 4 kPa for parenchymal tissue to 12 kPa for muscle and 60-100 kPa for

connective tissue.*® Quantitative changes in these mechanical properties have been

10



used as an indication of disease progression in certain tissues or organs, for example the

liver.[3"]

3.3.2. Topography

The main topographical characteristics of the ECM include fiber diameter, pore size,

and feature elevation.**%

As a fingerprint, each tissue shows a distinct
microenvironment to cells inside it. For example, while dermal ECM fibers have a
radius of around 30-60 nm that increases with depth,®* bone collagen fibers have a
radius of about 40-50 nm, including carbonate apatite regions.”*®! Moreover, some ECM
environments are chaotic whereas others, such as the myocardium and tendons, are
clearly organized, showing directionality and alignment with the cell layer.[*"*? Thus,

the nanotopography of each specific tissue requires a distinct biomaterial design to

emulate it.
3.3.3. Bioactive Properties

Cells are involved in dynamic interactions with other cells and the matrix. Indeed,
multivalent matrix-cell communication takes place via different cell receptors (integrin
and non-integrin membrane receptors). Although the initial attraction is mediated by
various low-affinity and hydrophobic interactions, cells need to establish focal
adhesions with the ECM.[*¥! These adhesions to bioactive cues present in the ECM
enable dynamic communication by sending signals across the cell membrane, through
the cytoskeleton, to soluble molecules in the cytoplasm and into the cell nucleus. As
such, nanoscale control of these contacts results in the distribution of focal adhesion,
adhesion sites and cytoskeletal arrangements.[**®! Even the function of a cell is affected
by the interactions between it and the binding domains in its microenvironment. For

instance, the bundles present in collagen fibers interact with a periodicity ranging from
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63 to 72 nm depending on the kind of tissue, and are partly responsible for the

nanoscale topography.[*®!

4. ECM-Inspired Biomaterials

The physical, mechanical and biochemical properties of the ECM are not only important
for structural integrity but are of significant physiological relevance. Indeed, cells are
able of sense ECM rigidity through integrin-mediated interactions with the matrix. The
physicochemical properties of the matrix are then interpreted to affect motility,
proliferation, differentiation, and apoptosis. Given the dynamic and reciprocal nature of
the cell-ECM interaction, ECM may also get remodeled in the process. As such,
understanding the precise composition of different tissues and their structure-function
relationship is important and should be considered in the design of biomaterials for

biomedical applications.™*®

Considering natural ECM heterogeneity and its importance to many fundamental
cellular process, numerous tissue culture techniques, in vivo studies and biomaterials
have been developed in regenerative medicine to understand the interplay between
ECM and cells so as to elucidate on, and harness these qualities for biomedical
applications.>* In this regard, researchers using in vitro monolayer cultures of
human cells have relied on coating tissue culture dishes (mostly plastic or glass) with
different purified ECM-derived molecules so as to understand cell-ECM
interactions.***°! To address the absence of the multidimensional 3D environment
physico-chemical cues, purified preparations or a mixture of ECM proteins (e.g.
collagen, fibrinogen, elastin and silk) have been formulated into 3D scaffolds with
promising results both in vitro and in vivo for different applications.®® However,

since isolated polymers lack the compositional and physicochemical complexity of

12



natural ECM, others have turned to studying and using natural ECM protein mixtures.
In this regard, ECM protein mixture generated from Engelbreth-Holm-Swarm mouse
carcinoma cell (Matrigel™), decellularized scaffolds and pastes (xenogeneic and
human) as well as mixtures of collagen I, fibronectin and other ECM peptides have
gained popularity as materials of choice in both in vitro and in vivo studies with some
finding use in clinical applications.®®>" Indeed, researchers have generated denuded
ECM scaffold from various tissues that, when combined with cargo stem cells, can
reconstitute normal tissues with reasonable fidelity.**? Indeed, ECMs isolated from
various tissues, which include, among others, skin,®¥ liver,®* small intestine,®
cartilage,®™ and breast,*"! have been used for different studies and clinical application
such as skin grafts, bone repair or to study tumor progression.*>*3%°1 Although these
purified ECMs are useful and provide detailed testimonial of the cell-ECM cross-talk
compared to that afforded by isolated and purified protein-scaffolds, their use is limited
due to the need for well-defined bespoke microenvironments in tissue regeneration with
limited or no animal byproducts or contaminants. Moreover, these strategies do not
faithfully recapitulate natural ECM and the degree to which their structure and
composition can be tailored to control remodeling through the reciprocal interaction
with cells and the changing microenvironment is unclear.™>*% One of the main
challenges is that these polymers and ECM protein mixture preparations (cell derived or
decellularized tissues) are not only altered by the preparation process, but also have pre-
determined and rudimental protein structure, chemistry and composition, that only
allows for limited degree of derivatization and functionalization with limited fidelity to
native ECM. In addition, purified proteins and ECM preparations from animals and
other natural sources have characteristic significant batch to batch variation, which

makes experimental reproducibility a challenge and clinical efficacy unclear.!*
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To endow particular biophysical and biochemical properties that can elicit diverse but
specific cellular activities, it is necessary to chemically and physically defined the
ECMs that can be reliably reproduced. In this regard, synthetic matrices have been
developed that feature defined and tunable compositions, organization, mechanics and
ECM remodeling capabilities and are extensively reviewed by others.[*®® Although
these matrices can be covalently modified with ECM ligands, endowed with enzyme-
labile degradation molecules (i.e. collagenase-degradable peptides) and growth factors,
they do not mimic the organizational features of native structural proteins and their rigid

structures after crosslinking often impede cell migration.™

4.1. Recombinant Proteins

By contrast, peptide-based hydrogels that can assemble into secondary structures and
recapitulate structures such as the collagen triple helix, and readily support cell growth
and viability, and direct multicellular morphogenesis offer both the benefits of natural
protein chemistry and are amenable to modification by covalent binding of native
proteins (including matrix metalloproteinase (MMP)-degradable ECM peptides). In line
with this, the ability of to produce proteins in a controlled and modular manner at a
molecular level is gaining popularity. In this approach, the protein of interest is
genetically encoded and synthesized in a heterologous host (e.g. eukaryote cell or
bacteria), which affords complete control on the amino acid sequence and molecular
weight of the resulting protein. This is not easily achieved in peptide synthesis,
especially for peptides with many amino acids (i.e. >20 amino acids), and in the
derivatization of natural proteins. Common structural proteins on which recombinant
proteins have been modeled include silk, resilin, collagen and elastin.**¢”-"° Elastin-

like polypeptides (ELPs), the main subject of this review, are composed of a conserved
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pentapeptide repeat units with the classic form poly(Valine-Proline-Glycine-Valine-
Glycine).*”™ The conserved peptide sequence found in mammalian elastin has been
extensively studied to determine its usefulness for specific biomedical applications
(further discussed in section 6) and several recombinant ELPs have been developed for

biomedical applications, including the production ECM-inspired biomaterials.

5. The Realm of Elastin

Elastin is a major component of ECM elastic fibers, where it endows elastic recoil and
resistance properties as well as regulation of a range of cellular activities (i.e. adhesion,
migration, proliferation and differentiation) within the ECM, particularly in tissues such
as skin, cardiovascular system, lung and ligaments.’>"®! These inherent qualities of
elastin and the fact that it is closely linked to and provides complementary functions
with collagen in the ECM makes it a desirable inclusion to adult wound healing and
tissue regeneration.’¥ However, although elastin is highly durable, the metabolic
replacement rate of elastin is very slow.® This is attributed to the molecular
complexity, size and the multiple macromolecules involved in fiber assembly, which
places elastic fibers among the most difficult matrix structures to repair. Indeed, it is
well established that while tropoelastin production is high during the mid- to late
embryonic periods, it ceases in adulthood, although synthesis can be initiated by injury.
Indeed, the notable absence of elastin in adult wound healing, despite its increased
expression at the point of injury, which is characterized by scaring and contractures is in
stark contrast to fetal scar-free healing where tropoelastin, although abundant, is not

completely incorporated into elastic fibers.!™

As such, within the context of the tissue engineering and regenerative medicine, it is

important to understand and harness the properties of tropoelastin in the development of
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biomaterials, particularly ECM-inspired ones. Tropoelastin is a soluble 60 — 70 kDa
protein secreted by elastogenic cells (such as fibroblasts, endothelial cells, smooth
muscle cells, chondrocytes and keratinocytes). Crosslinking of tropoelastin monomers
results in the formation of insoluble elastin. Several excellent reviews about tropoelastin

and elastin have been reported in literature.t"® "l

5.1. Tropoelastin

Since elastin is formed from tropoelastin by way of a self-assembly process with
crosslinking, a detailed consideration of the properties of the latter is necessary. The
properties of tropoelastin have been summarized hereinafter based on the excellent

review by Mithieux et al.[’"!
5.1.1. Structural Properties

Structural, tropoelastin has a flexible and asymmetric conformation in solution, which is

characterized by an extended molecular body and two protruding legs (Figure 2a).1%8!

The main feature of the sequence of amino acids in tropoelastin is the alternating
hydrophobic and hydrophilic domains (Figure 2b)."®" The hydrophobic domains
mainly comprise of the non-polar glycine (G), proline (P), valine (V) and alanine (A)
amino acid residues typically occurring in repeat amino acid combination motifs of GV,
GVA, and PGV, with GVGVP, GGVP and GVGVAP repeats being the most
common.® The hydrophilic domains are characterized by high alanine and lysine (K)
content that contributes to the intra- and intermolecular crosslinking. Typically, the
hydrophilic domain features two or three lysines flanked by alanines (KA-type
domains) or prolines and glycines (KP-type domains). There are approximately 40

lysine residues in secreted tropoelastin and all but five are modified by lysyl oxidase
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(LOX) for crosslinking. This high degree of crosslinking contributes to the stability and

insolubility of the elastin.®!
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Figure 2. Schematic representation of the (a) tropoelastin monomer shape in solution
and (b) amino acid sequence domain arrangement. Yellow rectangles and blue
diamonds represent hydrophobic and crosslinking domains, respectively. Blue and
white diamonds correspond to KP- and KA-type crosslinking domains, respectively.
Domains 1 (signal sequence) and 36 (C-terminal containing two cysteine residues) have
been marked in black and green, respectively. Adapted with permission.l’”” 8! Copyright

2013, Elsevier.
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Several regions can be distinguished in the molecule, including an N-terminal coil,
hinge, bridge and the C-terminal foot (Figure 2b).®® They all contribute to the correct
coacervation process and elastogenesis as well as in cellular recognition. This amino
acid arrangement is highly conserved with >70 % similarity across different mammals
and strict sequence preservation for splice junction and crosslinking regions and less so
for hydrophobic motifs.["®®! Indeed, local mutations in the sequence result in global
modifications that may disrupt the shape of the molecule and potentially alter the
exposure of the bioactive motifs and the final functional assembly into the elastic

fiber.187-8

The N-terminal coil region provides elastic properties to tropoelastin in its
uncrosslinked state and is associated with the regulation of self-assembly and
crosslinking during elastogenesis.!® The hinge and bridge regions are highly flexible
and also contribute to elastic fiber assembly and mechanical coupling.®®*? During
elastogenesis, monomer elasticity is propagated according to a head-to-tail model of
fiber assembly in which the bridge region plays a crucial role in the orientation of the C-
terminal region.® Finally, the C-terminal foot region is mainly characterized by two
motifs involved in elastic fiber assembly and in cell-adhesion: the cationic GRKRK
peptide that terminates the sequence, and the intramolecular disulfide bond between the
only two cysteine residues of the molecule. C-terminal region facilitates cell adhesion

through the contact with GAGs and the integrin-mediated recognition.®*2°!
5.1.2. Self-assembly and Elastogenesis

Elastic fiber formation during elastogenesis has been a topic of research for many years.
[BL92] Basically, after tropoelastin is secreted into the extracellular space, it undergoes
coacervation and self-assembles into nanoparticles that evolve into 1-2 um spherical

microaggregates that are subsequently transferred to microfibrils. Tropoelastin self-
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assembly is the result of temperature-induced specific interactions between hydrophobic
domains and promotes exposure of the crosslinking motifs on the surface of the globular

aggregates.’®

Elastic fibers also include fibrillin-rich microfibrils that are temporally associated with
several ECM proteins. During elastic fiber assembly, microfibrils act as a structural and
organizational template where tropoelastin microspherules are hierarchically
incorporated into microfibril templates. The subsequent crosslinking by LOX enzymes
gives rise to the elastic fibers with a well-defined order and alignment of the highest
level of hierarchical assembly (Figure 3). The resulting microfibrils also play an

important role in tissue homeostasis, providing bioactive cues to cell adhesion and

[93]

regulating growth factor gradients.

--KAAK-- Coacervate Elastic Fibers
Representative Tropoelastin Multimer Spherules 100 pm
Sequences Monomer Assemblies 200 nm — 6 pm
1-2 nm 15 nm 100 nm

Figure 3. Schematic representation of the assembly of a tropoelastin monomer through
defined stages, resulting in increasingly sophisticated intermediates and crosslinked
elastic fibers. The scheme begins with the tropoelastin domains (left) and finishes with
the elastic fiber network (right). Reproduced with permission.®¥ Copyright 2019,

WILEY-VCH.
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The process of elastogenesis ends when the resulting elastic fibers are associated and
interpenetrated with other structural proteins such as fibrillary collagen and
fibronectin.” The nature of this association, and the microarchitecture of the elastic
fibers, strongly affects the resulting mechanical properties of the tissue such as elasticity
and contractibility (mainly associated with aligned fibers), and stiffness and stress-
bearing (mainly associated randomly oriented fibers).’ Moreover, since elastin
architecture is determined at an amino acid sequence level, the variation in the bioactive
motifs that can be linked to the protein affords myriad biochemical properties, some of
which are unique to particular tissues. As such, in the development of 3D-scaffolds that
seek to simulate native tissues, it is important to take into account these different
features. In this regard, a flexible technological platform that allows the endowment of

these different features in the protein assembly is ideal.
5.1.3. Mechanical Properties

Elastin is not homogeneously spread within and across different tissues and the
variation in the amount and nature of its structural organization, amount and nature of
association with other structural and non-structural proteins affects the mechanical
integrity and behavior of tissue.’® In contrast, the recoil property of a single
tropoelastin molecule remains unaffected with near ideal spring qualities characterized
by an impressive elastic behavior.® In experiments involving multiple stretch and
relaxation cycles, tropoelastin was found to be able to extend roughly eight times its
length, with a Young’s modulus of about 3 kPa with no hysteresis. A worm-like chain

model has been proposed to model this single chain elastin property (Figure 3).[/884

The crosslinking of tropoelastin monomer into the elastin fibers reduces its ability to
extend and increases its stiffness.®® In a study summarizing the Young’s moduli of

different constructs of either tropoelastin alone or a composite of tropoelastin with other
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materials,l’" a fairly broad range (up to 20 MPa) was observed. This suggests tunability
of the mechanical properties depending on the type and degree of crosslinker and
fabrication method.®®* %1 As such, the mechanics of native tissue (compliance and
stiffness) can be mimicked in biomaterials development and resident cells would be
able to sense the appropriate mechanical microenvironment to carry out their

fundamental biological processes (proliferation, differentiation or apoptosis).[?%10010]

5.1.4. Cellular Interactions

The interaction of tropoelastin with cells is mediated by the 67-kD elastin-binding
protein (EBP) on the cell surface, glycosaminoglycans (GAGS) and integrins, mainly
a3 and oPs.B>1% EBP is associated with the protective protein cathepsin A and binds
to the consensus peptide sequence GXXPG. Thus, EBP is involved in the detection of
elastic fiber damage and in the deposition of tropoelastin in the ECM."! Conversely,
GAG and integrin cell receptors mediate cell adhesion to tropoelastin and the
subsequent spreading in a sequential process. First, GAGs attach to the central region
(peptide 302-322) of tropoelastin and facilitate integrin-mediated cell adhesion. In this
regard, integrin a,fs binds specifically to the central region (domains 17 and 18) and

integrin o,Bs to the charged C-terminal motif GRKRK (located in domain 36).1821%%!

Finally, and as an overall comment, since tropoelastin incorporates elastic and cell-
interactive segments in its structure, this ECM component can be considered to be a
multifaceted biocompatible molecule, performing and mimicking some of the important

functions of the elastin matrix.[’”
5.2. Relationship between Intrinsic Disorder and Elasticity

Whereas collagen shows an ordered, triple helix structure,™® elastin is characterized by

a significant conformational disorder, which contributes to its flexible and stretchable
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properties.'%%! The amino acid sequence of tropoelastin is responsible for this
conformational disorder and the mechanical properties of elastin. Indeed, the
crosslinking of elastin monomers, tropoelastin, provides stability and strength to the
matrix and the hydrophobic domains contributing to self-aggregation and
extensibility.}%1%! At a sequence level, two main features are characteristic of elastin
as an intrinsically disordered protein (IDP)::%>1%7 (1) low complexity sequence and (2)

proline and glycine content.

The sequence of tropoelastin is characterized by the repetition of low complexity
protein motifs, including PG and GG amino acid motif tandems, associated with the
formation of B-turns. Nevertheless, a huge volume of experimental and computational
results indicates the absence of an ordered or repetitive structure.®31%8110 Thjs js
consistent with the well-established relationship between low sequence complexity and

structural disorder.*'!

The proline and glycine content in elastin is another characteristic that is crucial for
maintaining hydration of the protein backbone and subsequent conformational disorder.
Indeed, it has been suggested that the presence of proline provides structural rigidity
that induces conformational restrictions. This reduces the chain’s ability to form stable
hydrogen-bonded turns and B-sheets.[m] In contrast, the conformational flexibility
associated with the presence of glycine provides spatial mobility, which can favor
ordered and disordered structures. Generally, an increased composition of proline and
glycine can promote structural disorder through self-interactions, that would
subsequently impede the formation of amyloid-like structures. Depending on the ratio
between these two amino acids, Rauscher and Pomes established an approximate
threshold to predict the structural order of the sequence, differentiating between

amyloid-like and elastomeric proteins.[*#%!
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An entropic origin has also been suggested as the key driving force sustaining the
elastic properties of elastin.**l In this regard, when the protein is hydrated, the disorder
in the system is decreased if the material is stretched. However, if the deformation force
disappears, elastic relaxation takes place driven by the recovery of maximum entropy
(entropic spring). However, the molecular basis of this elasticity has not been fully
explained in detail and consensus has not been reached on whether elastin is isotropic,
and lacking structure, or anisotropic with regions of order.*” Nonetheless, several
models have been proposed to describe the mechanism of elasticity [ and they include

random chain,™® liquid drop,™"*® and coiled-coil models.*'*

The hydrophobic domains in tropoelastin, which contain proline-glycine pairs that can
adopt a B-turn conformations in solution, are mainly responsible for its elastic
properties. However, fibrillar models have also been proposed, with Urry et al.
suggesting that regular B-spiral structures based on repetitive and stable B-turns give rise
to elasticity.l*? Tamburro et al., in turn, suggested a freely fluctuating elastin chain in
which dynamic glycine-based B-turns slide along the protein chain.™ The presence of
transient secondary structures is consistent with a model in which the hydrophobic

domains in elastin are disordered in the coalescent state, although not randomly.

Solid-state NMR and circular dichroism (CD) and Raman spectroscopic studies, in
combination with recent studies using molecular dynamic simulations,*012122123]
confirmed the presence of an ensemble of fluctuating secondary structures with intrinsic
disorder within the hydrophobic domains. As such, an emerging consensus gave rise to
a new model for elastin in which it is classified as intrinsically disordered protein (IDP).
This provides a unified view of elastin’s structure and function,[0>106:108110.1241 pFipgy

elastic recoil and resilience are related to a certain degree of disorder inside the

tropoelastin molecule after coacervation. And second, tropoelastin self-assembly into
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microfibrils during the elastogenic process generates order on a large scale. Thus, since
tropoelastin is incorporated into the ECM via coacervates, structural disorder, and hence
elastic recoil and resilience, is preserved. In the same vein, tropoelastin coacervate can
be considered as a liquid in that individual chains are in a maximally disordered state
(melt-like state), but not randomly.*® |n addition, and on average, the protein
backbone remains highly hydrated, with the hydrophobic chains being buried in the

aggregate, although no compact or water-excluding core is formed.
5.3. Tissue Repair and Regeneration based on Engineered Tropoelastin

Several procedures can be used to incorporate elastin into artificial scaffolds for tissue
repair and regeneration. In addition to the use of decellularized tissues and hydrolyzed
animal elastin approaches,*®*?" the use of tropoelastin-based biomaterials is an
interesting strategy to incorporate the benefits of elastin into engineered constructs. This

solution is especially attractive since recombinant human tropoelastin is accessible.

The noticeable advantages associated with tropoelastin include exceptional mechanical
properties, ability to interact with cells, and flexible manufacturing techniques.
crucially, the inherent elastic properties, with associated bioactive properties unique to
tropoelastin can be advantageous given that elastin expression and regeneration is

highly reduced in adult tissue.[’”

As mentioned above, tropoelastin provides mechanical support and bioactive cues that
can be transduced to cells. Thus, tropoelastin can act as a cell behavior modulator when
immobilized onto a template surface through covalent crosslinking or physisorption.

This surface coating has been shown to favor fundamental cellular processes of

[132] [133]

fibroblasts, '8 31 endothelial  cells, smooth  muscle  cells, and

vascularization.™* In addition, cell binding, which has been linked to the C-terminus of
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tropoelastin, can be switched by adjusting the wettability of tropoelastin,.*¥ This

“tropoelastin switch” allows for the definition of cell-selective spatial regions.!*?]

Aghaei-Ghareh-Bolagh et al. have reported a hybrid film based on the combination of
tropoelastin and silk that is intended for use as an acellular substrate for corneal
replacement with outstanding optical properties.'’* Both corneal epithelial and
endothelial cells showed growth and normal function when supported by the film.
Moreover, its intrinsic flexibility enables it to present its bioactive sequences to cell
receptors, even in solution. Recently, Yeo and Weiss described the potential of this film
as a proliferative and cell-attractive soluble factor,l”®! thus demonstrating that
tropoelastin  cell-binding domains can mediate cell fate irrespective of
mechanotransduction. This highlights the potential use of tropoelastin in regenerative

medicine for the repair of elastic tissues, including vasculature and skin.
5.3.1. Recombinant Tropoelastin for Cardiovascular Applications

Given that elastin is one of the major structural component of vascular tissues,
tropoelastin is a promising candidate for developing biomaterials that can mimic the
complex mechanical and biological matrix-cell interactions of natural ECM. This is
necessary to improve the therapeutic efficacy of biomaterials for cardiovascular

applications.*313!

Coating synthetic grafts with tropoelastin has been shown to successfully modulate
thrombosis and smooth cell proliferation.™***3% Additionally, electrospun tropoelastin
maintains its structural integrity, thus mimicking the requirements of native ECM and
enhancing the growth of endothelial cells. A combination of electrospun tropoelastin
and polycaprolactone (PCL) has been used to fabricate a biomaterial that mimic the

internal part of the mammary artery.!*®! The resulting composite constructs increased
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the HUVEC adhesion and proliferation and a low platelet attachment. In addition, when
these tropoelastin/PCL constructs were tested as carotid grafts rabbit models, they
remained stable and retained their original elasticity even after 1 month of
implantation.l?

Recently, Wang et al. proposed the use of ice to form a sacrificial scaffold over which a
fully functional polymer-based vascular construct could be assembled.? in this
regard, ice was 3D-printed and cast into small vessels scaffold (radius <3 mm). Given
the simplicity of production, structural rigidity of ice several polymers, including
tropoelastin and recombinant polymers thereof can be used to coat the rigid ice
template, which when melted out would leave behind well-defined polymer based

scaffold of blood vessels.

Tropoelastin has also been used in the development of coatings for the prevention of
restenosis. A new generation of stents has been produced with surfaces coated with
tropoelastin to enhance endothelialization, and reduce both thrombogenicity and smooth
muscle hyperplasia.l**? Indeed, it is well established that the covalent attachment of
bioactive molecules, such as tropoelastin, onto the metal surfaces such as these stents is
known to improve their mechanical properties, biocompatibility and

hemocompatibil ity.[138’143'144]

Furthermore, recombinant DNA technology enables the introduction of specific changes
into the tropoelastin sequence in order to endow bespoke biological properties, such as
protease sensitivity to control biodegradation. Indeed, single mutations in tropoelastin

have been reported to impart resistance to kallikrein and thrombin proteases.®”

5.3.2. Recombinant Tropoelastin for Dermal Applications
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While wound care and the use dermal substitutes has seen great improvements over the
last decades, wound contraction, delayed healing and scarring remain a challenge.™*! In
efforts to develop dermal substitutes with improved applications, there is consensus that
an ideal scaffold should not only facilitate wound closure but also restore native ECM
and tissue functionality. One of the notable features of dermal scars is the absence of
elastin, which is thought to be partly responsible for the stiffness and poor ECM
organization in scar tissue.**®! This is so because, wound healing in developing fetus is
characterized by increased tropoelastin expression and scarless healing and restoration

of normal skin structure and function.[*!

As such, it is logical that the inclusion of elastin or properties thereof should considered
in the design and development of dermal substitute for wound healing applications.
Moreover, given this clear need and the manufacturing versatility of tropoelastin, a lot
of scaffolds, in different forms, such as 3D hydrogels and electrospun fiber meshes,
have been widely reported in the literature.*"*¥"14771501 5ome of the positive results
observed with tropoelastin inclusion in wound healing application include the ability to
speed up wound repair, enhance dermal regeneration and increase angiogenesis.!*>!
Indeed, the improvement in commercial full thickness dermal substitutes reported by
Weiss and coworkers is leading to the next generation of dermal substitutes.*>21%%!
These authors have proposed a hybrid biomaterial (based on tropoelastin and
fibroblasts) and a process for generating elastic fibers in tunable quantities. This
prefabricated extensive elastic fiber network is meant to be surgically inserted in the
appropriate location in the patient’s deep dermis, where it acts as a dermal tissue

regeneration template.!*>*

In other studies, a sprayable and photocrosslinkable composite hydrogel adhesive based

on gelatin methacryloyl (GelMA) and methacryloyl-substituted recombinant human
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tropoelastin (MeTro) has been tested in vivo and in vitro as a significant strategy for
sutureless wound closure and healing.[*****! This hybrid construct also may incorporate
cargo-antimicrobial peptides and its tunable mechanical properties can be modulated by
polymer (GelMA/MeTro) ratios and total polymer concentrations, along with

crosslinking type and time.

Additionally, stable dermal scaffolds can be fabricated with tropoelastin using a heat-
based molding procedure (HeaTro).['®! After dissolving and casting, tropoelastin
constructs were stabilized by thermal crosslinking at 160 °C. HeaTro grafts
demonstrated the ability to promote dermal regeneration in mouse and pig models. The
HeaTro scaffold accelerated wound healing by providing an ECM-mimicking
environment that increase cellular infiltration, epidermis appearance, vascularization

and improved collagen organization.

Very recently, Yeo et al.™>" have developed a wound dressing for injured skin based on
a polyurethane film with a surface activated by plasma immersion ion implantation in
order to immobilize tropoelastin via covalent bonding. This wound patch was loaded
with human multipotent adult progenitor cells, with tropoelastin playing a significant

role of anchoring and promoting cell growth and phenotype.
5.3.3. Recombinant Tropoelastin for other TERM Applications

The multifaceted behavior of tropoelastin has allowed its use to be extended for the
regeneration of other tissues. Indeed, tropoelastin has been shown to contribute to the
behavior of many cell types, which include the guidance of neurites and Schwann

cells,'*®® and the expansion of human bone-marrow derived stem cells.!%*%%

One of its promising application is as a surgical sealant. Annabi et al., for example,

have demonstrated the sealing properties of MeTro and its potential use in surgery.[**”
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Indeed, in vivo studies involving artery sealing in rats and complete sealing of leaking
lung tissue in a pig model produced promising results that demonstrated the potential

clinical efficacy of these tropoelastin-based formulations as surgical adhesives.

The photocrosslinkable composite GelMA/MeTro hydrogel has also shown
neurosupportive properties and provides strong tissue adhesion.!®Y) This hydrogel is
intended for treatment of peripheral nerve repair since it acts as an elastic glue, a

property that is adequate for neurite extension without affecting intended function.

Another example of the versatility of tropoelastin-based biomaterials is the wide range
of macromolecules that can be bioconjugated to them. For example, graphene oxide
(GO) nanoparticles have been added to MeTro to obtain a highly elastic and conductive
MeTro/GO hybrid hydrogel.®?1 The ability of this hydrogel to conduct electrical
current was verified by connecting pieces of abdominal muscles explanted from rats.
The in vivo biocompatibility was assessed using samples implanted subcutaneously in

rats.

Finally, magnetic properties have been used for tissue engineering. In this regard,
Pesqueira et al. have reported the use of human recombinant tropoelastin doped with
magnetically responsive iron particles to obtain sponge-like hydrogels for soft tissue
regeneration by in situ precipitation.**® The secondary structure of tropoelastin was
altered by the presence of these magnetic particles, with the hydrogels showing a

smaller pore size and less swelling.

It has been reported that magnetically responsive materials regulate cell fate by allowing
non-invasive external control.®¥ As such, this type of construct has been used for

tissue repair applications.!*® For instance, in vivo regeneration of muscle in mice or
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accelerated bone tissue formation in rabbits have been reported when the lesion site is

stimulated magnetically.[*%1¢7]

6. Emergence of New Elastin-based Biomaterials: Elastin-like Recombinamers

The challenge of tissue and organ engineering currently requires the development of
innovative biomaterials that recapitulate the dynamics, biochemistry and structural
features of native ECM. These materials must be biocompatible, bioactive, mimic the
natural cellular microenvironment and allow appropriate mechanical and biological cell
stimulation in order to modulate cell behavior. As such, knowledge from cell and
molecular biology, biochemistry and materials science may be combined to develop 3D
scaffolds with advanced features. These requirements have opened the way to

recombinant protein polymers, including ELRS.

ELRs are a class of genetically engineered protein polymers based on the repetition of
conserved motifs found in the hydrophobic domains of tropoelastin.’®® As
aforementioned, the interactions between these domains are responsible for reversible
coacervation of tropoelastin and subsequent elasticity. The structural characterization of
these hydrophobic domains enabled the identification of repetitive motifs that exhibit
the properties of tropoelastin.*¥ For example, the repetition of tetra- (VPGG), penta-
(VPGVG) and hexa- (APGVGV) peptides in polymeric molecules has been shown to
mimic the self-assembly and elastic mechanical properties of elastin (e.g. low stiffness,
high resilience and extensibility).l’#% As such, it was possible to produce an ideal
model for the fabrication of biosynthetic materials that mimic the unique physical

properties of natural elastin.**!

The most prevalent repetitive tropoelastin motif across species, the pentapeptide

VPGVG, is the simplest repetitive motif that exhibit lower critical solution temperature
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(LCST) phase behavior with an inverse transition temperature below physiological
temperature and viscoelastic behavior.®®*™ As such, most ELRs comprise the
pentapeptide repeat unit (VPGXG), where the guest residue (X) can be any amino acid
except proline. This amino acid sequence flexibility, allowing for the addition of
different amino acids to the pentapeptide, affords the precise tuning of the physico-
chemical properties (e.g. LCST)*"? and presents a wide range of possibilities in the

fabrication of biomaterials, including ECM mimetics.

In fact, other amino acids in the pentapeptide can also be replaced to impart desired
physicochemical properties. For example, substituting glycine, located in third position
in the pentapeptide VPGXG, with alanine changes the elastic response of ELRs to a
plastic response due to the fact that polyVPAXG tends to form more stable secondary
structures than polyVPGXG."® Crucially, both the plastic-like and elastic-like domains
can be combined in the design of the molecule to produce ELRs that can be used to

develop thermoplastic elastomers, thereby extending potential applications.!*7!

Additional modifications can be introduced at the sequence level for the production of
multifaceted polypeptides. Indeed, the biological (e.g. biocompatible, biodegradable)
and mechanical properties (extensibility and elastic recoil) of ELRs can be
synergistically combined with other functionalities to improve their cell-response. In
this regard, Tirrell Lab demonstrated that ELRs can be used as polymeric platforms
with modular design in combination with different interspersed peptide motifs. Integrin-
mediated binding domains from fibronectin were expressed within an ELR backbone in
order to improve the cell attachment on ELR matrices. In this work, the peptide motif
arginine-glycine-aspartic acid (RGD) was used to promote cell adhesion through the
asPy integrin receptor,[m] and the arginine-glutamic acid-aspartic acid-valine (REDV)
peptide was used specific attachment of endothelial cells through the a4f; integrin

31



receptor.’”"*"*) They demonstrated that cell-binding motifs density can be flexibly

modulated as a function of cell adhesion and proliferation.**!

The fabrication of ELRs with modular designs allows the production of biomimetic
polymers with high level of control of their properties. The combination of alternating
protein blocks allows to biofabricate a myriad of complex designs with exhaustive
control of their properties. All of this combined with the intrinsic biocompatibility,
biodegradability, stimuli-responsiveness and viscoelastic properties make ELRs a

promising biomaterial.*8"
6.1. Synthesis of ELRs

Although the first elastin-like polypeptides made by Urry et al. were produced by
chemical methods, their complexity and large molecular weight necessitate the use of
recombinant method to guarantee high yield of highly pure and monodisperse
products.!*® Genetic engineer techniques provide precise control of the sequence, chain
length and stereochemistry of protein polymers.”? The number of techniques available
is increasingly growing in parallel with progress in molecular biology. The most
relevant methods for the design and synthesis of recombinant polymers has been
reviewed by others elsewhere.™® Briefly, sequence control is usually obtained by the
use of the polymerase chain reaction (PCR) or the directional ligation of the monomeric
genes. In this sense, it is worth noting the powerful methods developed by Chilkoti Lab,
which include the recursive directional ligation by plasmid reconstruction (PRe-RDL)

method and the overlap extension rolling circle amplification (OERCA) method. 18418

Once the encoding gene is created, it is transformed into an expression organism.
Although, multiple expression platforms are used for the expression of protein

polymers, Escherichia coli is used preferentially due to cost-effectiveness and
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feasibility of scaling-up.'! The commercial availability of T7 based pET expression
systems facilitates the heterologous expression. Typical expression yields of protein
polymers on the order of 100 to 1000 mg L™ of culture media have been reported.!*%1#7]
However, the implementation of antibiotic-free selection systems has been reported to
enabled an increase in the yield to 12.8 g L™ *®¥ with a decrease in production costs.
Crucially, recent studies about the industrial feasibility of the large-scale production of
recombinant materials estimated the costs to range from $23 to $761 kg " for E. coli
optimized production plants.**! Moreover, it must be noted that the expression levels
have a direct impact on the production costs. As such, biotechnological tools to improve
protein expression are increasingly being developed due the interest in metabolomics
and synthetic biology. This is expected to improve the efficiency of the technology with
reduced production costs. In line with this, other organisms that can be used to produce
protein polymers include yeasts,™” fungi***! and plants.**? Indeed, eukaryotic systems

can provide, if needed, additional advantages regarding protein folding, extracellular

secretory expression or translational modifications amongst others.™!

After production, purification of elastin-like proteins is typically achieved by non-
chromatographic methods that exploit the LCST phase behavior of the proteins. The
thermally-driven phase transition constitute an important advantage for the cost-
effective purification of elastin-based polymers. It enables the purification by simple
purification through inverse transition cycling (ITC).'® This method involves
triggering the transition of the ELRs by temperature or by the addition of salts into a
precipitate, which is then separated by centrifugation. The precipitate is then
resuspended in cold water or buffer. Repeating this sequence allows the attainment of
highly pure biomaterials cost effectively as it also does not required high technical skill

or equipment.™™!
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6.2. ELR-based 3D Scaffolds for TERM Applications

In recent years, engineered scaffolds based on ELRs have been extensively studied for
their use in TERM. As a function of the molecular design and the crosslinking strategy,
the viscoelastic properties of ELR-based scaffolds can be tuned precisely in order to
mimic the ECM of multiple tissues.™ For instance, hydrogel scaffolds can be obtained
by exploiting either the polymer thermal behavior and physical interactions, or
exploiting the formation of covalent bonds between reactive groups or a combination of

both. This design flexibility allows for a wide array of advanced-design features.

6.2.1. Physically Crosslinked Elastin-like Scaffolds

First, given the reversible smart behavior of elastin-like polymers, amphiphilic block
co-polymers based on ELRs have been investigated for the production of physically
crosslinked hydrogels. Rational design of elastin-like block co-recombinamers enables
the production of physically crosslinked 3D networks under physiological conditions.
By alternating blocks with different hydropathies, and as a consequence LCSTSs, it is
possible to modulate the selective self-assembly of hydrophobic blocks. The
hydrophobic forces between the coacervated blocks drive the formation of the hydrogel
through microphase separation (Figure 4). In this regard, it is important to note the
studies developed by Conticello, Chaikof and coworkers on the nanostructuration of
amphiphilic ELRs with multiblock designs and the mechanical properties of the

subsequent hydrogels.!*1%]

The hydrophobically crosslinked moieties form transient secondary structures above the
transition temperature, thus remaining highly hydrated.™ In fact, thanks to this
intrinsic structural disorder, ELRs show their characteristic elastic recoil and phase

behavior.'®1991%] The |ack of ordered and stable structures results in a dynamic
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response of the ELR chains within the hydrogel and their evolution into entropically

more stable, soluble nanostructures.

Hydrophobic- -Hyidrophobic
nd SN - 0 - w
é Temperature Concentration -

Figure 4. Amphiphilic multiblock ELRs self-assemble into nanostructures that can

evolve to physical hydrogels as a function on the concentration.

Although hydrophobically crosslinked hydrogels are not stable in solution, they can be
stabilized in solution by incorporating additional self-assembling domains (SADS).
Interesting biomaterials with customized properties can be achieved by combining
ELRs with order-promoting protein domains (Table 1) such as leucine zippers,*”

coiled-coils, %% or SADs from other structural proteins, such as silk or resilin,12%°-2

Additionally, self-assembling properties of different SADs can converge synergistically
leading the formation of physical hydrogels with improved features. For instance, an
innovative bioink has been fabricated by the rational combination of silk-like blocks,
leucine zippers and ELRs:?®! In this arrangement, silk domains promote the formation
of highly stable and insoluble [B-sheets, thus imparting thermal and mechanical
resistance; leucine zipper-containing motif self-assembles into a-helical structures that
dimerizes specifically; and the amphiphilic elastin-like block co-recombinamer
undergoes thermal coacervation. The combination of the three SADs converged in a
sequential stabilization process of the 3D hydrogel network, thus providing good
printability and long-term stability.
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Table 1. Protein motifs employed in the development of self-assembling ELR-based

biomaterials.

Self-assembling Sequence Characteristic Ref.
domain
Silk-like motifs (GAGAGS), Hard crystalline domain [200-203]
Irreversible B-sheet formation
Strength and structure
Resilin-like motifs (QYPSDGRG), Rubber-like protein (2041

UCST phase behavior
Elasticity

Leucine zippers

KENQIAIRASFLEKENSALRQEVA
DLRKE(L/C)GKCKNILAKYEA

Stable dimeric coiled-coil
interactions

[197,206]

Cartilage oligomeric
matrix protein

GDLAPQMLRELQETNAALQDVRE
LLRQQVKEITFLKNTVMESDASGK

Coiled-coil domain based on
five identical o-helices and a

[198,199]

(COMPcc) LN central hydrophobic pocket for
hydrophobic molecule binding
Poly-Ala (A)n a-helix formation 2071

Aromatic aa-Glycine-
rich peptides

(XGp)m, X=aromatic aa

Hydrophobic interactions, t—n
stacking interactions

[208,209]

Viral capsid proteins

Capsid protein from the Cowpea
chlorotic mottle virus (CCMV)

pH-sensitive specific self-
assembly

[210]

Amyloidogenic ELPs

X1GGX,G (Xy2: VorlL)

Amyloid-like fiber formation
Cell-binding motif

[211]

Bespoke physical hydrogels can be produced by controlling the balance of molecular

order-disorder characteristic of molecule. In line with this, a multimodular design

combining ELR and poly-alanine domains has been used to develop physical hydrogels

with improved stability for use as biocompatible injectable scaffolds for tissue

regeneration.’?®! In this work, the poly-alanine domains self-assembled into ordered o-

helices and were used to stabilize ELR coacervation, which drove the formation of
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porous 3D scaffolds. Hydrogel porosity was then modulated by varying the
recombinamer concentration and stiffness and LCST behavior were tuned by varying
the helix percentage and ELR composition.”® The resulting 3D scaffolds remained
stable after 21 days in vivo in mice models, where they promoted cell migration and
proliferation, as well as vascularization. This study highlights the benefits of controlling
the order-disorder balance in the scaffold in order to control the architecture,
viscoelastic behavior and stability of the hydrogel, which are crucial parameters for cell

response.[#?

In addition, given that molecular orientation is crucial for the induction of mineral
deposition in scaffold,’™! the order-disorder balance in the ELR-based scaffolds
presents a platform through which relevant biological processes, including
biomineralization, can be controlled. in this regard, the control of order-disorder balance
in ELR was successfully used to create scaffolds that mimic the structure of collagenous

matrices in hard tissues,’?**?'* as well as develop a model for arterial calcification.!*®!

6.2.2. Chemically Crosslinked Elastin-like Scaffolds

Another successful strategy for creating ECM-inspired stable hydrogels with tunable
architectures and mechanical properties involves the covalent crosslinking of ELR
molecules, which allows higher levels of stiffness and precise control of the elasticity of
the scaffold to be achieved (Table 2). Given the versatility of ELRs, different side chain
groups can be used for crosslinking using either enzymes or addition of a soluble or
tethered crosslinker. In enzymatic crosslinking, amine-containing side groups can be
linked to other residues enzymatically, for example glutamine amine groups crosslinked
by tissue transglutaminase activity.!**®! However, this approach can be affected by other

factors such as temperature, pH and concentration. Moreover, it also affords limited
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control on modular crosslinking. Some of these drawbacks are avoided by introducing
soluble crosslinkers or tethering chemical crosslinkers to the ELR.*"?1 However,

while commonly used homofunctional crosslinkers such as glutaraldehyde, %!

[220] [221] [222]

diisocyanates, propionic acids, N-hydroxysuccinimide esters,
methacrylates,”®! can be used, their reactionary by-products are cytotoxic.[??”
Moreover, the reactions of most homofunctional crosslinkers start as soon as they are
added and progress rapidly with reaction kinetics that can take as long as the mixing
process leading to poor crosslinking homogeneity.!”*”! These draw-backs of toxicity and
poor reaction control can be solved by using catalyst-free click chemistry. Indeed, with
click-chemistry, particular side groups (i.e. amine groups in lysine) can be
functionalized with click-reactive groups to a predetermined degree of substitution used
to produce biocompatible and stable hydrogels in the absence of chemical crosslinkers
or catalysts.!”*"??] Other ELR side groups, other than amines, that can be used for
crosslinking include carboxyls from glutamic acids,!”*®! hydroxyphenylalanines from
tyrosines,'??"2?8] methylsulfanyl from methionines or thiol groups from cysteines.[?2%2%%
Depending on the nature of the covalent bond, crosslinking can be triggered by
physicochemical stimuli, such as mild oxidative microenvironments or UV
radiation.!”*>?*21 Moreover, the incorporation of non-canonical amino acids and other
motifs, such as metal-binding motifs,’>*¥! extends the applicability of these recombinant

biopolymers in the manufacture of chemically crosslinked hydrogels.[342%!

Table 2. Potential strategies to fabricated chemically crosslinked ELR-based scaffolds

with tunable properties for TERM.

Molecular design Crosslinking strategy Mechanical properties Application Ref.
Interspersed amine Chemical crosslinker: Tunable stiffness Soft tissues [236-
groups in the ELR tetrakis(hydroxymethyl)phosphon  (storage moduli ~250 Pato  regeneration 23]
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ium chloride (THPC)

~2,200 Pa)

Interspersed amine

groups in the ELR

Strain-promoted azide—alkyne

cycloaddition (SPAAC)

Tunable stiffness
(storage moduli ~100 Pa to

~10,000 Pa)

Soft and hard

tissues regeneration

2172

25,240

Interspersed
hydroxyphenylalanines

groups in the ELR

Modification of
hydroxyphenylalanines groups
into 3,4-dihydroxyphenylalanine

(DOPA)

Dry adhesion strength (>2
MPa)
Wet adhesion strength

(~0.24 MPa)

Tissue sealant

[241]

Interspersed thiol

groups in the ELR

Induction of S-S bonds with mild

oxidative conditions

Tunable stiffness
(storage moduli ~10 Pa to

~100 Pa)

Soft tissues

regeneration

[230]

ELR1 with SpyTags
ELR2 with

SpyCatchers

Spontaneous induction of

isopeptide bonds

Tunable stiffness
(storage moduli ~30 Pato

~300 Pa)

Soft tissues

regeneration

[242]

Amine groups flanking

the ELR

Chemical crosslinker: 4-arm

PEG/NHS

High extensibility (up to

1500%)

Elastic tissues
regeneration (blood
vessels, skin, lung,

cardiac tissues)

[218]

KCTS motifs flanking

the ELR

Photoinduced S-S bonds

High extensibility (up to
420%)

Tunable tensile strength

Elastic tissues
regeneration (blood
vessels, skin, lung,

cardiac tissues)

[232]

Interpenetrated
networks of Zn-binding
motifs-containing
ELRs and covalently

crosslinkable ELRs

Reversible crosslinking (Zn
coordination and hydrophobic
interactions) combined with

covalent crosslinking with THCP

High strength (>2.5 MPa)
Toughness (>1300 J m™?)
Stretchability (>500%)

Self-adhesion

Tissue sealant

[233]

6.3. Biofunctional ELR-based Scaffolds
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As mentioned previously, 3D scaffolds for tissue engineering that seeks to mimic
natural ECM must provide specific microenvironments able to guide cell behavior. As
such, the internal architecture, biological, mechanical and biodegradation properties are
key parameters governing cellular activities such as adhesion, migration, proliferation or
differentiation (Figure 5).***?®1 In this sense, given the reciprocal nature of the
interaction between the natural ECM and cells, an ideal scaffold should exhibit a
dynamic behavior that promotes communication with cells. In addition, they should
respond to cell signals and should be tunable in order to be able to customize them for

different tissue requirements.

SENSITIVENESS TO BE
REMODELLED

Cell-cell

’ _ contact
’ ;:~ » ‘ e oo .
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Figure 5. Schematic representation of the different ECM features influencing cell
behavior. Biofabrication of scaffolds for TERM based on ELRs with modular design
allows for precise control of the mechanical, topographical and biological properties.
These properties can help guide cell behavior through the cell-matrix and cell-cell
interactions established by cell binding motifs, mechanotransduction, diffusion of

soluble factors and biodegradation.

For tissue regeneration, the one of the most important properties of an engineered
scaffold is to present bioactive cues, such as cell-binding sequences or growth factors,
to favor cell adhesion and proliferation. The modular nature of the ELR protein design
and production offers an effective and crucially flexible approach for obtaining
bioactive matrices with spatial and density control of different bioactivities. Moreover,
this technological platform allows for independent modulation of the specific bioactive
domains and mechanical properties. For example, bioactive motifs such as the integrin-
mediated adhesion peptide RGD derived from fibronectin®® have been incorporated
into a bespoke ELR backbone to improve cell adhesion and spreading. Indeed, in this
case, these cellular activities could be modulated as a function of RGD density in the

molecular design. 8071

In consistency with this, Jeon and co-workers have investigated the effect of RGD
domains within ELRs for the regeneration of different tissues.””® 2 They used an
RGD-ELR with a simple modular design in which RGD sequences were interspersed
with tandem VPGVG repeats. An in vitro study with B-TC6 pancreatic cells showed
that the presence of RGD enabled an effective communication with cells.?*®! The
resulting RGD-ELR promoted the expression of E-cadherin and connexin-6 compared

with the ELR control lacking the RGD domain. E-cadherin and connexin-6 are cell-cell
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adhesion molecules involved in the regulation of islet association and in glucose-
induced insulin release, respectively.[?*>?3 Moreover, the formation of spheroids with
enhanced islet-like functions, such as insulin production or glucose sensitiveness, was
observed, thus demonstrating efficient modulation of the cell behavior via integrin-
mediated signal transduction. In another study, coacervates of ELR embedding different
cell types were engrafted in mice. The work exploited the thermoresponsiveness of the
VPGVG domains to encapsulate pancreatic islets and adipose-derived stem cells
(ADSC) so as to test their behavior in a mouse model.[**%%% it was found that RGD-
ELR matrices were able to maintain islet viability in vivo with notable activation of
MAPK/p-Erk and PI3K/Akt/Foxol/Pdx1 signaling pathways.**” These results were
consistent with previous studies with adipose derived stem cells (ADSC).*” In this
case, RGD-ELR hydrogel containing the ADSC developed to enhance tissue
regeneration in a murine wound model in situ showed that RGD domains modulated
ADSC response by upregulating survival pathways (Mek/Erk and PI3K/Akt).
Additionally, it was also noted that the RGD-ELR scaffolds also promoted
angiogenesis, with host endothelial cell recruitment and the formation of new vascular-

like structures being observed in both in vivo studies.

The modular design of ELRs has also been exploited for the endowment of multiple
functionalities into the same molecule. In order to control vascularization, Staubli et al.
investigated the presence of bioactive domains in a chemically crosslinked ELR-based
scaffolds.® The authors embedded adipose tissue-derived stromal vascular fraction
(SVF) cells in the crosslinked matrices and studied the effect of this bioactive scaffold
on angiogenesis in vitro and in vivo. They observed that the bioactive scaffold, which
contained the cell-binding domains (RGD), the endothelial specific cell binding domain

(REDV) and an elastase-sensitive and cell-adhesion sequence (VGVAPG), had superior
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recruitment of host cells with improved infiltration of blood vessels in vivo. Indeed, the

absence of bioactive domains was associated with no angiogenesis.

This multivalent modular design also allows the controlled incorporation of additional
biofunctionalities. For example, growth factors can also be incorporated into the ELR
backbone to develop tissue-specific scaffolds for regenerating complex tissues. In this
regard, the vascular endothelial growth factor (VEGF) mimetic peptide QK
(KLTWQELYQLKYKGI) was site-specifically tethered to ELR hydrogels through
lysine side-groups was used to successfully promote and control angiogenesis.?*>2!
QK peptide retained its activity after bioconjugation, and endothelial cell proliferation

could be controlled by varying the density of the growth factor in the ELR.[?*®!

In another study, multivalent ELR scaffolds were produced for bone repair and
regeneration.”?*! The 3D hydrogel used in this case comprised two different ELRs: one
that combined the VGVAPG with RGD domains and another that combined VGVAPG
with osteinductive bone morphogenetic factor-2 (BMP-2). After recombinant
production, both bioactive ELRs were mixed and chemically crosslinked into a
hydrogel, and tested in vivo. Combination of the RGD domain with BMP-2 and the
degradation motifs VGVAPG provided osteogenic and osteoinductive effects that

promoted host cell integration and bone defect regeneration.
6.4. Architecture and Stiffness Control

In addition to biological signal transduction, mechanical behavior and scaffold
architecture are also crucial parameters as regards the repair of tissue damage or
controlling stem cell fate. Scaffold porosity and pore interconnectivity play an
important role in cell viability, proliferation, infiltration and ECM formation.™" In

addition, the promotion of internal scaffold porosity is essential for the diffusion of
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nutrients, oxygen and other metabolites.”®® Intrinsic parameters for ELR hydrogel
manufacture, such as concentration or crosslinking degree, govern the intricate
microarchitecture of the hydrogel. For example, the pore size and swelling ratio can be

tuned by varying the hydrogel concentration.??*"242%]

Physical and chemical techniques can also be applied to ELRs to control the macroscale
architecture of the scaffold. In order to produce ELR-based microporous or fibrous
scaffolds, salt leaching/gas foaming or electrospinning have been employed,
respectively. Electrospinning of ELRs provides a reproducible methodology for the
manufacture of 3D nanofibrous scaffolds with fiber morphology tunable at
production.?®® Electrospun ELR-based nanofiber matrices have been used to develop
3D scaffolds for several applications, which include dermal repair and as vascular grafts
studies.2% Similarly, salt leaching coupled with gas foaming has been used to
produce macroporous scaffolds based on crosslinked ELR hydrogels.?*?%! This
technique enables the pore size to be tuned on the microscale for optimal cell interaction

as per requirement.

The viscoelastic properties of the natural ECM is another parameter of significance in
the ECM-mediated control of cell behavior.**® As such, an ideal scaffold should have
well defined stiffness modulation that recapitulates the mechanical behavior of targeted
native ECM so as to provide desirable environment for each tissue. In this regard, the
modular design and synthesis of ELRs, as well as crosslinking thereof allows for a
higher degree of control of the stiffness of the resulting biomaterial. In line with this,
ELR-based matrices have been designed to transduce biomechanical signals to Caco-2
cell monolayers in order to tune the organization of their actin skeleton and paracellular
permeability.’® Modulation of RGD domains and the stiffness of the substrate

independently affected cell spreading and cytoskeletal organization, thus demonstrating
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that intercellular junctions can be tuned by controlling biomechanical cell-matrix

interactions.

In addition, there is increasing evidence that matrix stiffness strongly affects cell
adhesion, proliferation, migration and differentiation, and even induces malignant

s.B426826%1 |1n |ine with this, mesenchymal stem cells (MSCs), adult

phenotype
multipotent cells with excellent regenerative and immunomodulatory, have been shown
to respond to mechanotransduction from the substrate and differentiate down specific
lineages via an integrin-mediated mechanism."® However, although MSCs are widely
used in cell therapy for tissue regeneration, their behavior in 3D matrices is not yet
entirely understood despite the fact that the control of cell fate is crucial for their
therapeutic efficacy. To understand this, Heilshorn and coworkers investigated the role
of matrix stiffness on human MSC (hMSC) differentiation using 3D macroporous ELR
hydrogels.’”Y The ELR-based hydrogels incorporated two cell-binding domains (RGD
and YIGSR) alternating with lysine residues intended for crosslinking. In this work, the
varying concentration of the crosslinker was used to tune the stiffness of the hydrogel.
After a 7 days in vitro incubation of hMSCs, no significant differences were observed
between the two bioactive domain treatments. Although YIGSR domains enhance
osteogenic differentiation in 2D studies, ligand presentation in 3D scaffold is greater
than in 2D, and consequently, the biological effect of the cell-binding domains varied
significantly. However, increased matrix stiffness appeared to favor both osteogenic and
adipogenic differentiation, possibly due to an increased cell-cell contact in the porous

scaffold. These results demonstrate the importance of the 3D architecture, which

strongly affects matrix-cell and cell-cell communication and, ultimately, stem cell fate.

6.5. Cell-Stimulated Remodeling of ELR-based Scaffolds
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The essential aim of an ideal 3D scaffold for tissue repair is to attain complete
regeneration of the damaged tissue with restoration of normal physiological function.
This requires the secretion of renewed ECM by the host tissue cells and, consequently,
the biodegradation and remodeling of the artificial scaffold. As such, matrix

degradability is a key parameter in cell migration and scaffold infiltration.’*’?

To attain this, recent studies in the development of ECM-mimicking scaffolds, ELR-
based 3D-scaffolds designed to allow controlled scaffold remodeling in situ have been
developed.’?”*2"% Straley et al. bioproduced an ELR library based on a modular design
containing different proteolytic sites in order to evaluate the degradation rate of the 3D
networks after chemical crosslinking.”?’”! Different degradation kinetics were observed
depending on the epitope. Indeed, sensitivity to enzymatic degradation by tissue
plasminogen activator (tPA) or urokinase plasminogen activator (UPA) was found to
differ significantly. Similarly, Flora et al demonstrated that dynamic scaffolds can be
developed by crosslinking ELRs with different degradation kinetics in order to

successfully control spatial and temporally cell infiltration patterns.’2”!

ELR-based hydrogel degradation and molecular architecture can also be modulated
using synthetic crosslinkers with different functionalities.””* ELR network
interconnectivity depends on the degree of functionalization with a crosslinker, as
higher connectivity lowers the degradable fraction of the crosslinked material. As such,
cell spreading can be controlled by using different crosslinking strategies to tune the

internal hydrogel architecture and degradability.

Scaffold remodeling also seems to be crucial for controlling stem cell fate. It has been
observed that the remodeling of a scaffold can affect the maintenance of neural
progenitor cells (NPCs) with potential application in the structural repair of the brain or

the spinal cord.?”™ However, to achieve this, it is necessary to generate a relevant
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number of stem cells and maintain their stemness. In this regard, 3D ELR-hydrogels
have been successfully used to maintain and expand NPCs in high density cultures.[?”
In contrast to MSCs, hydrogel stiffness did not seem to affect NPC differentiation and
stemness was found to depend strongly on whether (and how) the 3D matrix could be
remodeled. In this study, the ELR design comprised of bioactive domains (cell-binding
and proteolytic sites) alternating with tandems of elastin-like pentapeptides, which
included lysine for subsequent crosslinking. By controlling the crosslinker density, the
degradation of the scaffold could be controlled. Furthermore, by the introduction of
proteolytic sites, cells were able to remodel the scaffold and cadherin-mediated cell-cell
contact was increased, which enhanced NPC proliferation while maintaining the
stemness phenotype. In another study evaluating NPC differentiation in remodelable
ELR-scaffolds, it was observed that cell mediated degradation of the hydrogel is also
necessary to enhance the differentiation of NPCs into astrocytes and neurons.?”® In this
work, NPCs encapsulated within ELR-scaffolds and chemically induced to differentiate
showed that minimal cell-cell communication was required for NPCs to self-maintain
metabolically active and enable correct differentiation.””® The fact that this only
occurred when the scaffold was sufficiently degraded demonstrate that a dynamic
response to cell-stimulated remodeling by the scaffold can be used for maintaining

stemness at a high density and enable differentiation.
6.6. Hybrid ELR-based Scaffolds

In an effort to better mimic the complexity of the ECM, several approaches have been
investigated for the creation of multifaceted scaffolds for tissue engineering involving
combining ELRs with other ECM components or synthetic polymers. The incorporation
of ELRs into the composite hydrogels can be used to improve the mechanical properties

of the network as well as provide a broad range of bioactive cues that promote cell
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adhesion and proliferation.!?”® %3 For instance, the combination of collagen with ELRs
enables the production of biofunctional hydrogels with tunable mechanical properties
for the regeneration of bone and soft tissues injuries, or for the manufacture of vascular
grafts.?® 2% |ndeed, it has been demonstrated that the osteoinductive activity of
collagen can be synergistically combined with the mechanical properties of the ELRs to

biofabricate three-dimensional polymeric networks to guide tissue regeneration. 2!

ELRs have also been bioconjugated with structural polysaccharides such as hyaluronic
acid (HA) for the regeneration of cartilage and fibrocartilage or chitosan for bone
repair.’®2*1 While HA-containing hydrogels have been reported to promote the
remodeling and deposition of the ECM, they lack elasticity and the bioactive quality
associated with elastin presence in the ECM. This shortfall can be address by the
addition of ELRs to these biomaterials.”® In addition, depending on the crosslinking
strategy, this would not only improve the control of physical properties, such as shear
thinning and self-healing, but also allow the endowment of particular bioactivity for

bespoke biomedical application.?* 2%

Finally, other synthetic and biological molecules have been combined with ELRS in
order to produce ELR-composites with improved properties. For example: the
incorporation of fibronectin enhances the viability of stem cells;'**?! polyethylene glycol
enables the transparency of the ELR-based hydrogels to be improved;*®! and the
fabrication of injectable scaffolds for stem cells transplantation;® peptide-based
amphiphiles serve to guide supramolecular assembly in order to create self-assembled
grafts for vascular applications;®% or textile components, such as polyvinylidene,

provide suturability and long term stability to ELR-based vascular grafts.[°”)
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7. Summary

There is currently an increasing consensus among the biomaterials science community
that the starting point for the successful repair of any tissue must be the development of
scaffolds that are able to maintain a bi-directional communication with cells. The
scaffold must mimic ECM-cell interactions that occur in the native tissue by providing a
tissue-specific microenvironment (adequate microarchitecture, mechanical behavior and
biochemical cues) in order to transduce and to interpret the signals to promote complete

and functional regeneration of the damaged tissue.

In this sense, recombinant protein-based biomaterials represent a promising
technological platform for the biofabrication of scaffolds for regenerative medicine with
improved fidelity to normal ECM. Recombinant DNA technology is a powerful tool
that allows the advantages of material science and biology to be combined to produce
myriad protein products and guarantee an exhaustive control over the protein amino
acid sequence, monodispersity and biofunctionality. Indeed, we can now synthesize
ECM proteins with great complexity and specificity, such as tropoelastin, and polymeric
constructs with modular designs that contain multiple biofunctionalities in a cost-
effective and scalable manner. Specifically, ELRs have been shown to combine the
outstanding physicochemical and mechanical properties of tropoelastin, such as intrinsic
disorder, reversible phase-transition behavior, extensibility, elastic recoil and resilience,
within a simple polymeric structure. The simplicity and modularity of ELRs opens the
door to a wide range of flexible molecular designs, which is difficult or impossible to
achieve with complex proteins. In addition, the ability to control mechanical, biological
and topographical parameters encourages their use in the development of dynamic,

biocompatible and multivalent scaffolds for applications in regenerative medicine, while
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also allowing us to make progress in the effort to decipher the complex matrix-cell

relationship that governs cell behavior and, ultimately, tissue regeneration.
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