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Abstract

Wound healing is a complex process that, in healthy tissues, starts immediately after the
injury. Even though it is a natural well-orchestrated process, large trauma wounds, or injuries
caused by acids or other chemicals, usually produce a non-elastic deformed tissue that not

only have biological reduced properties but a clear aesthetic effect. One of the main
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drawbacks of the scaffolds used for wound dressing is the lack of elasticity, driving to non-
elastic and contracted tissues. In the last decades, elastin based materials have gained in
importance as biomaterials for tissue engineering applications due to their good cyto- and bio-
compatibility, their ease handling and design, production and modification. Synthetic elastin or
elastin like-peptides (ELPs) are the two main families of biomaterials that try to mimic the
outstanding properties of natural elastin, elasticity among others; although there are no in vivo
studies that clearly support that these two families of elastin based materials improve the
elasticity of the artificial scaffolds and of the regenerated skin. Within the next pages a review
of the different forms (coacervates, fibres, hydrogels and biofunctionalized surfaces) in which
these two families of biomaterials can be processed to be applied in the wound healing field
have been done. Here, we explore the mechanical and biological properties of these scaffolds

as well as the different in vivo approaches in which these scaffolds have been used.
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1. Introduction
An elastomer is any polymeric material that is capable to recover its original size and shape

after being stretched to great extent, some proteins can be classified as elastomeric
materials[1]. These elastomeric proteins can be found in the plant and animal kingdom as for
instance tinin, elastin, silk, resilin in animals or even in gluten proteins from plants[2]. All these

materials have elastic properties directly related to their polymeric structure. Biological



elastomeric materials have to satisfy two criteria[3], monomers must be flexible and
conformationally free, and second, they have to forma a network after crosslinking[4]. All
these materials present attractive properties to be employed in tissue engineering. For
instance, resillin and resilin-like proteins[5] exhibits mechanical properties similar to the native
vocal fold[6] and human cartilage[7], even mechanical properties useful for cardiovascular
applications[8]. Silk and silk-like peptides are mainly composted of B-sheet structures that
permit tight packing of stacked sheets of hydrogen bonded anti-parallel chains of the
polymers. Large hydrophobic domains interspaced with smaller hydrophilic domains foster the
assembly of silk and the strength and resiliency of silk fibers[9]. These materials have been well
studied and extensively applied in the tissue engineering field[10-15]. Elastin is another of
these elastomeric proteins, and precisely we will focus our attention in this review in the

properties and benefits that elastin based materials offers to the wound healing field.

Usually, elastin gene possesses 36 exons and some of these exons codify hydrophobic
sequences of aminoacid while other exons encode lysine rich sequences[16]. This pattern is
commonly shared between animal species although hydrophobic segments exhibit quite
variability without affecting functionality. On the other hand, sequences coded by exons 33

and 36 as well as lysyl rich parts are well conserved[17].

Elastin is an insoluble protein formed by the crosslinking of its soluble precursor tropoelastin.
Tropoelastin is a protein of 750 to 800 residues[17]. Aliphatic residues, such as proline (P),
alanine (A), valine (V), leucine (L), isoleucine (I) and glycine (G) are abundant in the
hydrophobic sequences of the protein, which are highly repetitive. The cross-linking domains
of tropoelastin contain lysyl residues within proline-rich regions. Hydroxylation of about 1%
prolyl residues is one of the post-translational modifications of tropoelastin[18]. This

modification is particularly abundant in the VGVPG[19].



Elastogenesis is a complex process that starts inside the cell where the tropoelastin is
synthetized and protected by galactolectin (elastin-binding protein) from a premature
intracellular aggregation[20]. This chaperon of galactolectin interact with galactosugars in the
extracellular space releasing the tropoelastin molecule. C-terminal end of tropoelastin interact
with the N-terminal part of the microfibrillar-associated glycoprotein inducing an alignment of
the tropoelastin, which have been considered crucial for a correct elastogenesis[21, 22]. Once
aligned, most of the lysyl residues of the tropoelastin molecule are deaminated and oxidized to
allysine following the action of the Cu®* requiring lysyl oxidase. Finally, the crosslinks are
formed by the reaction of the allysines with unmodified lysine residues or with themselves,
leading to the insolubilization of tropoelastin chains as the elastin network grows[23].
Therefore, mature elastin is an insoluble polymer formed by the crosslinking of several
tropoelastin molecules. Mature elastin is extremely stable with a very low turn-over that can
be considered that elastin last for the entire lifespan of the host[21]. This crosslinking produces
a stable insolubility that prevents elastin from being manipulated and therefore considered as

a suitable molecule for use in tissue engineering or other biological applications [24].

According to the Urry’s model, the elasticity of elastin is coded by a sequence of five amino
acids (valine-proline-glycine-valine-glycine, VPGVG). This pentamer forms a B-turn with PG at
the corner of the turn and a 4->1 hydrogen bond connecting the ceto group of the first valine
to the amino group of the fourth valine along the sequence. The repetition of these B-turn
produce a helical arrangement, called B-spiral where the B-turns act as spacers between the
turns of the spirals. VG segments are suspended between the B-turns. These dipeptides allows
large-amplitude, low-frequency vibrations. Reductions in the amplitude of the vibrations
causes large decrease in the entropy of the segment, providing the driving force for return to

the relaxed state. This fact is the responsible for the elastic behaviour of the protein[21, 25].



Elastin is a unique extracellular matrix protein that provides the necessary elastic and resilient
properties to organs and tissues, especially those that require elasticity or are involved in
cycles of elongation and shrinkage[26]. Elastin plays an essential role in the functionality of
many tissues, for example lungs, blood vessels, heart valves and skin, amongst others[27],
despite not forming the majority of these tissues. Indeed, only around 2—4% of the dry weight
of human skin is provided by elastin[28]. Nevertheless, despite its relatively low abundance,
elastin has important structural functions, provides mechanical support, and is involved in

many cell-signalling processes[24, 29].

While wound healing in fetal development is a scar-less process, mainly due to an attenuated
inflammatory response, an abundance of skin morphogenetic factors and full restoral of the
normal skin architecture[30-33]; in adults this process is governed by four main stages, namely
haemostasis, inflammation, proliferation and remodelling[34], therefore if no other factors
impede the normal wound healing process, a natural scar tissue will be obtained in adults[29,
34]. Under normal conditions, and immediately after the injury, bleeding causes the spillage of
blood components, thus forming a blood clot that re-establishes haemostasis and provides a
temporary ECM within a few seconds[29, 35]. Even at this very early stage, key actors in this
process, especially platelets, neutrophils and macrophages, have begun to perform their role.
Beside their containment, cleaning and protecting duties, these cells start to produce and
segregate different chemoattractants, such as transforming grow factor B1 (TGF-1),
transforming grow factor o (TGF-a), fibroblast growth factor (FGF), platelet derived growth
factor (PDGF-BB) and vascular endothelial growth factor (VEGF), amongst others [29, 35]. All
these cytokines induce the arrival of monocytes, more macrophages, fibroblasts and
endothelial cells, which start to remodel the provisional ECM by secreting different activators,
such as urokinase-type plasminogen activator (u-PA) and tissue plasminogen activator (t-PA),
that induce the production of proteinases such as collagenase 1, stromelysin 1, collagenase 3

and gelatinase A[35].
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Fig. 1. Normal steps in wound healing process. During the inflammation process a fibrin clot is formed and
inflammatory cells arrive to the damage area. Then a provisional extracellular matrix is formed and new blood
vessels are formed to supply nutrients and cells to the injured area. Remodelling is the last step in which a scar
tissue is formed mainly composed by collagen fibres.

The new stroma formed during this well-orchestrated process fills the wound space, and
fibroblasts, macrophages and blood vessels subsequently invade the wounded area.
Macrophages produce and secrete the growth factors required to stimulate angiogenesis[36]
and fibroplasia, while blood vessels carry nutrients and oxygen to the new tissue mainly
developed by fibroblasts. Scar tissue is mainly produced by the action of fibroblasts and the

synthesis and production of collagen fibres, essentially collagen type | and Il [37]. The



production of elastin monomers is poor during wound healing, and the fibres obtained are
organized in an aberrant manner, lacking any kind of order[38]. This lack of order contributes
to the creation of a disturbed elastic network, which leads to a poorly elastic scar with poor
resilience. The structure and integrity of the network of elastin fibres is a major factor
governing the resilience, texture, quality and elasticity of skin [39]. Elastin can undergo
hundreds of millions of cycles while maintaining its original behaviour and with almost no
memory effect. However, its turnover is very low in healthy adults, with elastogenesis

primarily occuring during the late fetal and early neonatal periods [40].

Elastogenesis is a process that rarely occurs under in vitro conditions, and only a few
experiments in which new elastin was obtained have been reported[41-44]. These
experiments were performed under conditions of continuous stressing movement of the
artificial extracellular matrix (ECM), and the amount of elastin obtained in these artificial
tissues was markedly lower than the amount and organization of the elastic network found in
natural tissues. Indeed, when human skin is damaged, the subsequent wound healing process
starts with a moderate inflammation process followed by the deposition of collagen, which

subsequently forms a scar-like tissue with lower elasticity than the original tissue.

Since elastogenesis is a process that decreases with age[39], the development of new
materials based on elastin or elastin-like polypeptides would appear to be a good approach.
Following this line of reasoning, some researchers have focussed their efforts on producing
elastin-based materials. Indeed, as far back as the early 1980’s, Urry and others started to
develop their so-called elastin-like polypeptides (ELPs) [45-47]. The subsequent development
of recombinant techniques for polypeptide production opened the way to the construction of
monodisperse and fully customisable polymers [48-50]. In this regard, Weiss et al. focused
their efforts on the production of tropoelastin [51] which is a molecule with two different,

alternating hydrophobic and hydrophilic domains. The hydrophobic domains are responsible



for the elastic properties of the molecule, whereas the hydrophilic lysine-rich domain is

involved in the crosslinking and polymerization process.

Within the next sections two types of elastin-based materials, tropoelastin based materials

and elastin like materials, will be reviewed.

2. Tropoelastin-based materials for wound healing
Tropoelastin is a 60-72 kDa protein found in all vertebrates except cyclostomes. It is secreted

from inside the cells to the cell surface where it tends to associate into fibrillar structures, thus
denoting an inherent ability to self-assemble. Tropoelastin is characterized by alternate
hydrophobic and hydrophilic domains within it structure. This alternation confers elasticity to
the molecule and a smart thermal sensitiveness[52]. Below a certain temperature, known as
the transition temperature (T,), tropoelastin remains a monomer with a length of
approximately 15 nm [53], whereas weak interactions start to be established between
hydrophobic domains above this T,, with small spherule-like (1-2 um) aggregates going on to
form a full-size coacervate (2-6 um). The process is reversible up to this point, with
tropoelastin monomers being reformed after cooling below the T.. Nevertheless, a non-
reversible process starts if the temperature is maintained above T.. Firstly, the coacervates
collapse in a maturation process to finally give branched fibrillar structures due to the action of
lysyl oxidases, which crosslink the coacervated tropoelastin molecules during the in vivo
assembly process [54]. Coacervation of synthetic tropoelastin is a complex process that is
affected by several factors, such as the number of hydrophobic domains, their sequence and
the contextual arrangement of these domains. Moreover, hydrophilic domains, and their
position and proportion with respect to hydrophobic domains, protein concentration, pH and
ionic strength are important factors that have a marked influence on the coacervation process

[39, 55-58].



Given the complexity of this process, the preparation of macrostructures such as gels or fibres
requires the use of crosslinkers or high pH conditions [54]. Thus, several methods have been
developed to crosslink tropoelastin, although these typically require the use of organic
chemicals such as glutaraldehyde (GA), hexamethylene diisocyanate (HMDI), disuccinimidyl

suberate (DSS), and bis(sulfosuccinimidyl)suberate (BS3) [59], amongst others[27].
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Fig. 2. Distinct stages in the formation of cross-linked tropoelastin hydrogels: tropoelastin monomers form discrete
nanoparticles with a diameter of around 200 nm. These particles subsequently merge to form larger globules, which
coalesce into open linked networks that consolidate to form a porous structure comprising synthetic elastin
hydrogels [59]

2.1. Electrospun tropoelastin-based scaffolds

Tropoelastin has been used in several different ways to obtain scaffolds that can be applied in
wound-healing processes and dermal repair. Electrospinning, for example, enables the
construction of scaffolds formed from nano- or microfibres, with different porosities,
depending on the fibre diameter and the amount of material deposited during the
electrospinning process. During electrospinning, tropoelastin is typically dissolved in a low
boiling point solvent such as 1,1,1,3,3,3-hexafluoro-2-propanol (HFP). After fibre deposition,
the resulting scaffold has to be cross-linked by reaction of the tropoelastin residues with at

least one of the above-mentioned chemicals. Synthetic human elastin scaffolds have been



obtained by electrospinning and subsequently crosslinked using the fumes from a 25%
aqueous solution of GA. A close control of the mechanical properties and pore and fibre size
can be obtained by modulating the electrospinning parameters. Dermal fibroblasts were found
to be able to colonize these scaffolds, subsequently secreting collagen fibres and fibronectin
throughout the synthetic material. In addition, new small blood vessel formation surrounding
the constructs and a good in vivo interaction with adjacent tissues have also been reported

[60].

The greatest issues that collagen, the major component in dermal tissues[61], and other
natural materials applied in the wound healing field is contraction of the scaffold after cell
colonization [62-64]. In the case of tropoelastin-based scaffolds, contraction of up to 30% of
the original size was observed, which is a clear improvement with respect to the values of
more than 50% in the case of electrospun collagen scaffolds [65]. Electrospun tropoelastin
scaffolds have proved to be a promising support for human adipose-derived stem cells
(HADSCs) as they speed up the wound-healing process by increasing the epithelial thickness
(51.9411.27 um) and wound closure with respect to untreated controls[66]. In this regard,
Nivison-Smith et al. showed how human fibroblasts (Fb), human umbilical vein endothelial
cells (HUVECs) and human coronary artery smooth muscle cells (HCASMCs), all of which are
typically found in elastic tissues, attach and proliferate in electrospun scaffolds cross-linked
with HMDI or GA, thus vyielding fibres that persist for up to six months in aqueous

environments at 37°C [67].

Elastin can be electrospun in combination with other natural or synthetic materials, such as
collagen, silk, poly(lactic-co-glycolide), polycaprolactone, polyethylene oxide, gelatin, and
polyglyconate, amongst others. As such, composite elastin-containing fibrous scaffolds have
been explored by several research groups for use in various medical applications [68-74]. This

plethora of combinations and applications underscores the versatility of the electrospinning



technique and the good flexibility of synthetic elastin when combined with other materials.
Combinations of tropoelastin and collagen have been tested as rapid wound-closure scaffolds
to improve skin regeneration. The resulting good mechanical properties, which are boosted by
a clear collagen deposition after adequate fibroblast infiltration, combined with a mild
inflammatory response and new angiogenesis that ensures a supply of oxygen and nutrients to
the implanted scaffolds, make this approach a promising pathway to enhance the wound-

healing process after trauma or burn injuries [73].

A 80T20C Integra
s . P

—
R Bsg >

\

80T20C Integra

infiltration

Milligan's
trichrome

Collagen
deposition

Encapsulation

Angiogenesis

Inflammatory ©)

response

Fig. 3. The in vivo biological properties of 80T20C composite scaffolds compared to Integra at 6 weeks post-
subcutaneous implantation in mice. (A) Scaffolds stained with H&E and Milligan’s trichrome prior to implantation.
(B) Scaffold encapsulation. Arrowheads indicate a thin layer of fibroblasts encapsulating the scaffolds. (C) Mild
inflammatory response. (D) Fibroblast infiltration. (E) Collagen deposition. (F) Blood vessels. Arrowheads indicate
capillaries formed within the scaffolds. The scale bars are 50 um in all images except panel B, where they are 200
pm. Image reproduced with permission from Rnjak-Kovacina et al (2012)

2.2. Tropoelastin-based hydrogels



Synthetic elastin hydrogels, 3D materials that can withstand a great amount of water
incorporation while maintaining integrity[75], are excellent supports for tissue engineering
uses that require some degree of elasticity. In the wound-healing field, significant effort has
been invested to obtain optimal scaffolds that could lead to an effective and rapid restoration
of damaged tissue [76, 77]. As discussed previously for the case of electrospun scaffolds,
hybrid tropoelastin/elastin hydrogels in combination with natural or synthetic materials can be
obtained with mechanical properties ranging from hundreds to millions of Pascals and
excellent cytocompatibility[78-81]. Vasconcelos et al produced for the first time silk-fibroin
and elastin scaffolds for the treatment of burns[78], these scaffolds need to be cross-linked by
the use of genipin, which in this precise case induces a conformational transition from random
coil to B-sheet of silk-fibroin chains. The final proportion and composition of the scaffolds had
a crucial effect on their physical properties that could be tuned to obtain hydrogels with
different pore size, swelling ratios, degradation and release rates. The possibility that these
materials offer as drug depots during the healing process was in vitro evaluated through the
incorporation of antibacterial agents such as gentamicin. In vivo results pointed out that
wounds treated with silk-fibroin/elastin dressings induced keratinocyte and fibroblast
migration from the margins to the wound ground resulting in a completely closed and covered
with new epithelium. This work demonstrate that biomaterials with higher presence of elastin

yield more swellable, flexible and elastic scaffolds[78].

However, the need for chemicals such as GA, bis(sulfosuccinimidyl)suberate (BS3), methacrylic
anhydride (MA), ethylene glycol diglycidyl ether (EGDE) or HMDI to crosslink the elastin and
form a stable network is a key step that requires optimization of the proportions between
polymers and crosslinkers. In addition, an exhaustive removal process is required after gel
formation to avoid the toxic effects that unreacted chemicals or crosslinking conditions (pH,
temperature, solvents) that could be harmful for cells (in vitro) or in surrounding tissues (in

vivo) [82-85].



Lin et al developed a method to form electrodeposited hydrogels made of silk-tropoelastin
alloys. These alloys were prepared by enzymatic reaction between tyrosine residues[86]. In
that work, authors correlate an enhanced proliferation of fibroblasts with increasing amounts

of biologically active tropoelastin in the protein alloys.

An elastic sealant based on methacryloyl-substituted tropoelastin has been recently reported
with a low inflammatory response by the host organism after subcutaneous implantation in rat
model. MeTro, the name given to the biomaterial, is a photo-curable material based on
recombinant tropoelastin. The mechanical properties of the material can be tuned by varying
the polymer concentration or the methacrylation degree [87]. The biomaterial exhibits
tuneable in vitro degradation by the action of matrix meatalloproteinase-2 (MMP-2) that have
been combined with the MeTro polymers during the cure stage. Low concentration hydrogels
showed faster degradation rates during in vivo experiments[88]. Previously to this work, Heinz
et al conducted an exhaustive study about the degradation profiles of tropoelastin by the
action of three MMPs (MMP-7, MMP-9 and MMP-12). Cleavages mainly befallen in the C-
terminal and N-terminal regions of tropoelastin. That work exposed that all three MMPs have
a clear preference for proline at P;, MMP-7 shows a strong preference for leucine at P,’, which
is also well accepted by MMP-9 and MMP-12. Finally MMP-12 best tolerates bulky charged
and aromatic amino acids at P,’[89]. From this work can be concluded that tropoelastin based
materials can be degraded by the presence of these three MMPs that act over precise points

on the aminoacid sequence of the tropoelastin as is represented in Fig 4.
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Fig. 4. Cleavage sites identified after digestion of human tropoelastin isoform 2 (SwissProt accession number:
P15502-2) with MMP-7,MMP-9, and MMP-12. Cleavage sites are indicated by triangles (MMP-7, red; MMP-9, green;
MMP-12, black), and all regions covered by peptides are labelled with solid lines (MMP-7, red; MMP-9, green;
MMP-12, black). Bioactive sequences are shown in blue. The sequence of the octapeptide 226-233 used to model
the interaction between a natural substrate and the active site of MMP-12 is marked with a blue bar. The sequences
of three peptides containing GxxPG motifs (YTTGKLPYGYGPGG, YGARPGVGVGGIP, and PGFGAVPGA) used for
bioactivity tests are labelled with asterisks and orange arrows. Reproduced with permission from[89].

This tropoelastin-based material was in vivo applied as sealant in small and large animal

models (Fig 5). Concretely it was applied as sealant in lung injuries (rat and pig models). After

14 days, no air leakage occurred indicating an effective sealing of the injury. Wound was

covered by dense fibrous tissue predominantly containing collagen, and a low presence of



macrophages and lymphocytes in the wound repair area around the sealant indicating a low
immunogenicity of the material. The sealant cover remained adherent to the defect site and

the surrounding tissue.

Table 1: Mechanical properties of elastin-based scaffolds

Material A Material B | Proportion Crosslinker Scaffold Mechanical REF
properties (kPa)
Tropoelastin a-elastin 0/100 GA+CO, Hydrogel 11* [77]
25/75 14*
50/50 29*
100/0 47*
Tropoelastin a-elastin 25/75 GA Hydrogel 8* [77]
50/50 12%*
100/0 33*
Tropoelastin - BS3 Hydrogel 220-280* [76]
a-elastin - HMDI Hydrogel 11.0-19** [90]
Tropoelastin Collagen 100/0 GA Fibre* 139* [73]
80/20 166*
60/40 160*
50/50 841*
Elastin Silk fibroin 0/100 Genipin Hydrogel - [78]
20/80
50/50
Tropoelastin UV ligth Hydrogel 16.5-52.6* [88]
31.8-167.1**

* Elastic modulus (Young’s Modulus)

** Compressive modulus

* Fibre diameter 2.1-6.5 um

GA: glutaraldehyde, BS3: bis(sulfosuccinimidyl)suberate, HDMI: hexamethylene diisocyanate,

2.3. a-Elastin-based hydrogels

Other elastin derived products apart from tropoelastin can be found in wound healing
literature. Here, we briefly describe the use of a-elastin that usually is obtained by oxalic acid
hydrolysis of the elastin[91, 92], the most recent applications of these materials in the wound
healing field. a-elastin based materials have been applied by Annabi et al to fabricate a-elastin
hydrogels using dense gas CO, at high temperature to obtain different degrees of porosity for
skin fibroblast (GM3348) culture[90, 93, 94]. They were able to obtain large pores within the
gels that promote the scaffold colonization by the cells. Ito et al demonstrated that a-elastin

coacervates were suitable scaffolds for smooth muscle cells (SMCs) and endothelial cells (ECs)



proliferation that could be applied to restore the arterial wall wounds produced after an injury

associated with arterial graft implantation[95].
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Fig. 5 (A, B) Ex vivo wound closure test using explanted rat aorta as a biological substrate for tissue adhesion. (A) An
explanted aorta from a rat (about 4 cm in length). (B) A patch generated using the MeTro hydrogel and wrapped the
artery tube segments. The connecting anastomosis points were further glued with MeTro. Arrows present the rat
artery and MeTro sealant. (C, D) In vivo tests on rat arteries sealed by MeTro (n = 3). Operative sites (C) before and
(D) after sealing. White arrow presents the MeTro sealant on the artery. (E, F) In vivo tests on rat lungs sealed by
MeTro. (E) Schematic diagram showing the experimental setup. (F) Image of the sealed lung pressurized with air,
demonstrating that MeTro could adhere to the lung surface and seal the incision, but the lung tissue burst from
other areas (the source of the bubbles) when pressures of >5.5 kPa were applied. G) In vivo sealing capacity of
MeTro using a porcine lung incision model (n = 3).A right lung lobe is exposed through a small lateral thoracotomy,
and a standardized defect is created [broken line in (G)] and sealed by applying and photocrosslinking the MeTro
(20% MeTro concentration with high methacryloyl substitution) sealant [dashed line in (H)]. (I) Fluorescent
immunohistochemical analysis of the MeTro and MeTro-MMP sealants, showing no significant local lymphocyte
infiltration (CD3) at days 7 and 28 for MeTro samples and at days 7 and 28 for MeTro-MMP samples. Also, the
images exhibit remarkable macrophage (CD68) expression at day 7 but reduced expression at day 28 for MeTro and
remained the same forMeTro-MMP samples. Green, red, and blue colours represent the macrophages,
lymphocytes, and cell nuclei (DAPI), respectively. Reproduced with permission from [88]

3. Elastin-like recombinamers (ELRs) as wound-healing materials

Focusing in synthetized elastin-like materials, two different nomenclatures can be found,
Elastin-like recombinamers (ELRs) or elastin-like polymers (ELPs). ELPs refer to polymers
obtained by synthetic strategies that require chemical methods including the use of diverse
precursors and solvents. Chemical synthesis of sort polypeptides based on elastin were

successfully obtained by using standard chemical processes as demonstrated by Urry, Prasad



and others[96, 97], problems appear when complex structures or simply larger polymers want
to be synthetized, obtaining mixtures of polymers with different molecular weight (high
polydispersity)[98]. The use of recombinant DNA technologies, and the apparition of the ELR
acronym, opened the door to overcome these problems with a close control over the global
aminoacidic backbone of the polymers. The first apparition of this technology was developed
by Cappello et al. in 1990 [99]. Nowadays, a “seamless cloning” technique is used to design the
genes that codify the ELRs sequences. This technique is based on the use of the type lIs
restriction endonuclease Eam1104l allowing the cleavage of DNA outside the recognition
sequence and avoiding the introduction of extraneous nucleotides (nts) in the cloned
sequence [100]. This method was first used successfully by Conticello and co-workers for the
synthesis of ELR genes, suggesting that it could be a more rapid and efficient system for the
bioproduction of protein polymers [101]. Different methods have been described in the
literature for the bio-production of monodisperse ELRs with a desired amino acid sequence,
from gene synthesis and expression in a bacterium up to the last purification step[102].
Synthesis of the corresponding polymeric ELR genes using iterative-recursive methods ensures
that the designed polymer sequence is obtained during ligation with an extremely high control
thanks to the unidirectional ligation mechanism [103]. Thus, engineered ELRs with the selected
amino acid sequence that will provide the desired physical properties can be designed

employing DNA technology and bioproduced on a large scale using Escherichia coli strains[104]

As can be deducted, ELPs and ELRs nomenclature refers to the same kind of polypeptides
regardless their route of synthesis. So, from now on in this review and in order to unify

nomenclatures, we will refer to this kind of polymers as ELRs

ELRs are tailor-made macromolecules based on the repetition of certain sequences from
elastin, namely the pentapeptide valine-proline-glycine-valine-glycine (VPGVG), which is

responsible for the elastic properties of the whole protein. ELRs are a family of genetically



engineered polypeptides based on the elastin sequence VPGXG, where X can be any amino
acid except proline [25]. ELR sequences can be broadly altered to introduce specific
functionalities using recombinant DNA methods [105]. The resulting polymers maintain similar
properties to native elastin, such as an ability to self-assemble or thermoresponsive behaviour,
whereby they undergo a reversible phase transition at the molecular level above a
characteristic transition temperature (Tt) [106]. The backbone of ELRs can be precisely
designed using DNA recombinant techniques, thereby allowing fine-tuning of the final Tt,
which, amongst other advantages, allows easy purification methods consisting of temperature

cycling above and below the Tt to be developed [25].
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Fig. 6. Schematic representation of the design of the sequence and production of an elastin like recombinamer
(ELR).
The design of ELRs has an important influence on their final application as different

bioactivities and specific chemical functionalities can be incorporated at precise locations
along the polymer backbone, thus allowing specific properties, such as biocompatibility and
mechanical properties, to be tuned [107]. As a result, several biofunctionalities have been
incorporated into the backbone of ELRs depending on their desired final applications. Perhaps

the most frequent bioactive motif used in this kind of materials is the tripeptide arginine-



glycine-aspartic acid (RGD) which was initially identified in fibronectin as a sequence that
mediates in cell attachment [108]. Other bioactive sequences, such as arginine-glutamic acid-
aspartic acid-valine (REDV), which is a specific endothelial cell adhesion sequence[109], as well
as motifs with a sensitivity to elastases (VGVAPG), have also been demonstrated to play crucial

roles in different applications [110, 111].

In water-based solvents, ELRs undergo a self-assembly process governed by electrostatic
interactions, folding hydrophobically and losing the clathrate water structures that dissolve the
polypeptide at low temperatures. In this new state, the polymer chains are ordered into beta-
spirals and the temperature that defines this transition depends principally on the amino acid
sequence and the molecular mass of the ELR [112]. The presence of polar residues in the X
position of the pentamer described above provokes an increase in the overall hydrophilicity,
thereby increasing Tt, whereas higher molecular weights produce the opposite effect, lowering

Tt significantly [112].

When used as part of an artificial ECM, ELRs represent a solution for substituting or helping in
the regeneration of damaged tissues [113]. This family of polypeptides could also provide
structural support to the surrounding cells, thereby promoting a natural and adequate cell

growth that aids complete integration of the scaffold within the surrounding natural tissue.

Thanks to their tuneable structure, ELRs can be processed from nano-micro scale to
macroscopic hydrogels, passing through nano fibres (electrospinning) or micro drops
(electrospray). This versatility allows the appropriate choice of ELRs for each specific
application. Herein we will briefly review the most common ways to use ELRs in wound

healing.

3.1. ELR nanoparticles and coacervates



The self-assembly process that ELRs undergo above their T, results in different degrees of
organization depending on the polymer architecture. Thus, ELRs based on mono-blocks or non-
segregated alternating domains usually produce coacervates, while ELRs with a more complex
structure in which hydrophobic and hydrophilic domains alternate along the backbone of the
polypeptide results in nanoparticle formation. Both structures can be employed in wound
healing therapies. In the mid-1980s, Senior et al. proved that ELPs carrying the hexamer
VGVAPG (Val-Gly-Val-Ala-Pro-Gly) exhibit a chemotactic activity over fibroblast and monocytes
[114], enhancing fibroblast proliferation and up-regulating the production of collagenase
under in vitro conditions [115, 116]. In contrast, VGVAPG suppresses the proliferation of
keratinocytes and the pentamer VGVPG does not reduce their proliferation. Moreover, it seem

that these sequences induce the terminal differentiation of cultured keratinocytes [117].

Thanks to the use of recombinant techniques, complex sequences such as growth factors (GF)
can be included within the backbone of the ELRs or in some cases attached via chemical
reaction to the peptidic sequence of the ELRs[118, 119]. Keratinocyte growth factor (KGF) or
fibroblast growth factor-7 (FGF-7) are peptides included in the fibroblast growth factor
category. Indeed, KGF is an important agent in epidermal morphogenesis and the wound-
healing process [120]. This particular GF is mainly produced by cells of mesenchymal origin,
such as smooth muscle cells, microvascular endothelial cells and fibroblasts. It is present at
only very low levels in healthy tissues but is upregulated after injury [121], although its
expression is reduced and delayed in diabetic models [122]. As such, in light of the proven
benefits of KGF and ELPs alone, some researchers have fused both elements in a single
molecule to obtain a synergic effect. Thus, Koria et al. observed that ELP-KGF nanoparticles
produced a clear granulation in vivo. Although this effect was not particularly dramatic (an
increase of 25%), it was nevertheless sufficient to induce and enhance the proliferation and

migration of keratinocytes in the wounded area [119].



In high income countries, treatment of diabetic foot complications accounts for 15-25% of all
diabetes healthcare resources [123], and in the USA, non-healing ulcers due to diabetes are
still the leading cause of amputation, over and above amputations as a result of traumatic
accidents [124]. Other GFs, such as epithelial growth factor (EGF), have shown excellent
activity in the treatment of corneal epithelial lesions, burn injuries and acute surgical wounds
[125-128], and, as such, could play a crucial role in the treatment of diabetic ulcers [129, 130].
Indeed, viable and effective treatments are still needed to treat such complicated healing
processes aggravated by diabetes[131]. As previously mentioned, diabetic models suggest a
slower and deficient KGF expression during wound healing. Chronic wounds, such as diabetes-
related ulcers, produce increased levels of proteases, thus leading to a reduction in the lifetime
of the growth factors needed for dermal regeneration[132, 133]. In such cases, fused ELP-GFs
in the form of coacervate nanoparticles are able to remain active longer than GFs alone while
increasing re-epithelization by way of an adequate granulation process. The mechanism of
action for this wound healing seems to be related to local depots formed by the ELP-GF
nanoparticles, which play a remarkable role in dermal regeneration[118]. Combined strategies
using GF and cell-protecting peptides that prevents tissue injury, reduces inflammation and
activates healing, fused to ELPs have also yielded promising results. Thus, the combination of
KGF and ARA290, a cell-protecting peptide derived from the tertiary structure of
erythropoietin (EPO), produces a synergic effect, thereby stimulating proliferation and
migration of keratinocytes, along with an anti-apoptotic effect that enhances cell survival.
Moreover, mixtures of ELPs fused with KGF or ARA290, locally delivered as suspension in fibrin
gels, induce a higher vessel density and moderate granulation tissue formation that
accelerates wound closure, thus resulting in epidermal regeneration and a thicker epidermis in

a diabetic mouse model after 28 days [131] (Fig. 7).
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Fig. 7. Characterization of ARA290-ELP and KGF-ELP coacervates. (A) Schematic of ARA290-ELP and KGF-ELP fusion
proteins. (B) Representative protein analysis showing purified ARA290-ELP and KGF-ELP after 3 rounds of inverse
transition cycling. (C) and (D) Percent of average transmittance measurements at 350 nm over a range of increasing
temperatures of ARA290-ELP (1-50 uM) and KGF-ELP (0.5-5 uM) samples, respectively. N = 3 (E) Tt measurements
via DLS over a range of temperatures at 25 uM for ARA290-ELP and 5 uM for KGF-ELP. (F) Lognormal aggregate size
distributions at 25 uM for ARA290-ELP and 5 uM for KGF-ELP. (G) Percent of average transmittance measurements
at 350 nm over a range of decreasing temperatures of ARA290-ELP (2 uM) and KGF-ELP (500 nM) samples. N = 3 (H)
Confocal images of FITC-ELP (2 uM) in PBS after coacervates induction at 45 °C for 5 min. Scale Bar is 50 pm. (I)
Macroscopic analysis of diabetic wound healing. Multiple independent 10 mm-diameter excisional biopsies were
taken from the right and left dorsum of genetically diabetic mice. (I) Closure of wounds treated with empty fibrin gel
(control) or fibrin gel containing ELP, ARA290, ARA290-ELP, KGF-ELP or combination of ARA290-ELP and KGF-ELP.
Representative planetary pictures of wounds at day 0, 3, 7, 14, 21 and 28. (J) Wound closure progression along the
treatment period. (J) Wound closure 28 days after wound closing for each treatment group. N = 5-8/group, Scale
bar is 1 cm. One-way ANOVA with Dunnett's comparison to control or ELP group, *p < 0.05, **p < 0.01. Reprinted
with permission from [131]

In order to ensure a greater permanence of active molecules within the wounded area,
thereby favouring a faster and more complete tissue regeneration, chemokines such as
stromal cell-derived factor-1 (SDF1) [134] have also been fused to ELPs and locally

intramuscular delivered into the target area as nanoparticles. Thus, Yeboah et al. showed that



SDF1-ELP exerts a significant influence over HL-60 cell migration in vitro when applied as either
monomers or nanoparticles. [135]. SDF1 was previously reported to be a vascularization
inducer in human microvasculature endothelial cells [136] and the group of Yeboah observed a
similar behaviour using HUVECs and SDF1-ELP nanoparticles [134] The same group
demonstrated the bioactivity of SDF1-ELP nanoparticles locally delivered as suspension in
fibrin gels in diabetic mice wound models. These nanoparticles proved to be stable in the
presence of elastase, thus meaning that they could act as drug depots with possible

applications in chronic wound treatment [137].

3.2. ELR-based fibres

ELR fibres can be obtained by wet spinning or electrospinning methods, thus resulting in fibres
with different diameters. For instance, Qiu et al. described a wet spinning method to produce
fibres with diameters in the range of few tens of micrometers [138], whereas with
electrospinning systems, fibres with a wide range of diameters (100-450 nm) can be obtained
simply by tuning the polymer concentration in the ELR solution [139]. Surprisingly, despite the
excellent mechanical properties (table 2) in terms of tensile strength and Young's
modulus[140], and the good biological properties of scaffolds constructed from electrospun
ELRs [141], very few studies can be found in literature in which electrospun ELR-based
scaffolds are used in the wound-healing field. The limited number of results regarding the
good behaviour in terms of cell viability and proliferation of human skin fibroblasts on silk-
elastin-like peptide (SELP) fibres [142, 143] seem to indicate the possible use of such materials
in dermal applications. Although synthetic elastin and tropoelastin have been electrospun to
produce scaffolds for wound healing, as discussed above, the possible uses of pure elastin-like
or hybrid ELRs and other materials have not yet been fully explored in dermal applications. The
possibility of incorporating bioactive domains that enhance cell adhesion and proliferation,

together with the tuneable porosity and fibre orientation that the electrospinning technique



offers, appear to be excellent qualities that ELR- or SELR-based scaffolds could provide for
application in wound-healing tissue engineering applications, at least a priori. Moreover, not
only domains that enhance cell adhesion and proliferation can be incorporated to the ELRs
structure. Recently, da Costa et al have fused the ABP-CM4 antimicrobial peptide from Bombix
mori with an ELR to obtain an antimicrobial ELR (called CM4-A200). They have prepared fibres
and thin films that have proved an excellent cytocompatibility (skin fibroblasts and
keratinocytes) with high antimicrobial properties against Gram-positive and Gram-negative
bacteria (staphylococcus aureus and Pseudomonas aeruginosa, respectively). Although in vivo
experiments have not yet been performed with this CM4-A200, authors claim the great
potential that this approach could have in the field of wound healing as, for instance, wound

dressings for burn healing and skin reconstruction[144].

Table 2: Mechanical properties of ELR based fibres and elastin, collagen and spider silk

Material Tensile strength (MPa) Young's modulus (MPa) Strain at break (%) REF

Elastin 1.6 184 + 98 [145]

Spider Silk 875-972 11-13 17-18 [146]

Collagen 8-12 262+ 18 [145]

Tropoelastin 13 289 [145]

Elastin/PDO 0.9+0.1 3.1+0.3 80+ 10 [147]

(1:1)

Elastin/gelatin/ 0.76 +0.07 3.72+0.27 45+4.0 [148]
Maxon

Elastin/gelatin/ 2.11+0.53 27.38+7.03 71+20 [148]
Maxon

ELR 35 1800 [149]

ELR 16.2+6.3 700 + 150 3.9+0.2 [150]

ELR 43.3+5.2 1800 + 400 2.3+0.35 [150]

SELR 30.8 880 7.9 [151]

3.3. ELR-based hydrogels

The first ELP-based hydrogels were described by Urry et al. in the early 1990s. In that case, a
poly-VPGVG ELP was chemically crosslinked using y-radiation to provide a stable matrix. Eleven
tests, including mutagenicity, cytotoxicity, antigenicity, sensitization, pyrogenicity and

haemolysis, amongst others, were performed to prove the biocompatibility of this family of



hydrogels [152]. Since then, numerous other crosslinking methods have been reported for the
formation of physical or chemical gels. This classification (physical or chemical gel) is based on
the forces that maintain the structure of the formed hydrogels. Thus, physical hydrogels, for
example, are stabilized by weak forces such as molecular entanglements, H-bonding
hydrophobic interactions or coulomb forces [153]. The resulting peptides are able to
spontaneously self-assemble, thus leading to different structures [154, 155]. These peptides
can be incorporated into more complex molecules to form crosslinking motifs such as B-sheets
has allowed the entanglement properties of these macromolecules to be tuned to give
different structures and, finally, physical hydrogels [156-159]. This versatility in the design and
production of ELR-based materials enables the possibility of incorporating blocks from other
proteins into the backbone of the ELRs. For instance, silk-like domains, mainly (GAGAGS)
domains, have been extensively incorporated into ELRs to promote the formation of B-sheets
that stabilize the integrity of physical hydrogels made from SELPs [160-163]. In addition,
leucine zippers have been incorporated into the main structure of ELRs to create stable and
reversible hydrogels [164].Although physical ELR-based hydrogels seem to have excellent
properties, they have received little attention from researchers as tissue-engineering
platforms. This could be due to the fact that, although such domains permit some degree of
control over the mechanical properties, physical gels lack the desired strength required for

tissue-engineering applications [165].

Chemical crosslinking produces hydrogels with enhanced mechanical properties and, although
different options are available to chemically crosslink ELRs, almost all of them involve the
amino group of the lateral chain of lysine residues. Among the crosslinking options, the use of
chemicals is the most extended option. Indeed, chemical compounds such as glutaraldehyde
(GTA) [166, 167] bis(sulfosuccinimidyl) suberate (BS3)[168], tris-succinimidyl aminotriacetate
(TSAT) [169], PB-[tris(hydroxymethyl)phosphino]propionic acid (THPP) [170, 171],

pyrroloquinoline quinone (PQQ) [172], hydroxymethylphosphines (HMPs) [173] or



hexamethylene diisocyanate (HMDI) [174], carbodiimides[175, 176] , amongst others [167],
are typical options for forming cross-linked networks of ELRs in a fast and efficient manner.
However, although the use of the above mentioned compounds may be an excellent option to
prepare preformed scaffolds, there are some discussion about the suitability of these
compounds for the formation of injectable systems with embedded cells due to the inherent
cytotoxicity of some of these compounds[175, 177, 178]. Despite the fact that radiation-based
methods are also excellent options for the formation of ELR-based scaffolds [150], cytotoxicity
issues may also appear if cells are to be introduced during hydrogel formation. Although
genipin has been used as a cyto-compatible alternative [179], the long time required to
complete crosslinking can produce cell sedimentation and a heterogeneous distribution of cells

within the scaffold.

Transglutaminase-catalysed cross-linking allows cell encapsulation to occur under mild
reaction conditions[90, 180, 181], and substitution of the guest amino acid with cysteine in the
repeating pentapeptide facilitates hydro-gelation due to the H,0,-mediated formation of

disulfide bonds[168].

Table 3: Mechanical properties of ELR based scaffolds.

Material A Crosslinker Proportion Scaffold Mechanical Application REF
properties (kPa)
ELR None Coacervate 0.08" Mechanical characterization [169]
ELR Transglutaminase Hydrogel 0.26" Cartilage [182]
ELR DSS Hydrogel 120_230& Vascular [183]
ELR BS3 Hydrogel 22—60& Vascular [183]
ELR TSAT Hydrogel 8.0-10" Mechanical characterization [184]
ELR None Fibre 220_30005 Mechanical characterization [156]
ELR HMDI Hydrogel 2565 In vitro cell culture [185]
ELR y-irradiation Hydrogel 10_2005 Mechanical characterization [186]
ELR Genipin Hydrogel 1800$ Mechanical characterization [187]
ELR PQQ Hydrogel 4005 Mechanical characterization [187]
ELR None 50/50 Hydrogel 1.8* Mechanical characterization [188]
ELR CsH;NaOg/Cu(ll) 50/50 Hydrogel 1.9% Mechanical characterization [189]
SELR GA Fibre 1000-5000* Mechanical characterization [138]

* Complex shear modulus
&Shear modulus
*Tensile strength



GA: glutaraldehyde, BS3: bis(sulfosuccinimidyl)suberate, HDMI: hexamethylene diisocyanate, TSAT: tris-succinimidyl
aminotriacetate, DSS: disuccinimidyl suberate, PQQ: pyrroloquinoline quinone

Recently, Gonzalez de Torre et al. have developed a rapid, tuneable, biocompatible and cell-
friendly crosslinking system based on a 1,3-dipolar cycloaddition reaction, a clear example of
“click chemistry”. This reaction requires the presence of azides and alkynes, which react
orthogonally to form an irreversible covalent bond [188]. This rapid and biocompatible
approach allows the homogeneous encapsulation of different cell types [189] and has proved

its cytocompatibility with several cell lines and in different applications [111, 189-191].

ELR-based hydrogels have proved to be an excellent platform for fibroblast growth and
proliferation [189, 192-194] although, once again, very little work has been published in the
field of wound healing, with other applications such cartilage repair [179, 195], liver tissue
engineering [196, 197], cardiovascular applications[190, 198] or ocular tissue engineering [199,
200] being the main focus of researchers’ attention and efforts [201]. Recently, Staubli et al.
have published a study in which ELR-based hydrogels, with or without bioactive sequences in
their structure, behave in a very different manner under in vivo conditions. Thus, non-
functionalized ELR-hydrogels produce scaffolds that cannot be rapidly degraded, which leads
to a blockage of blood vessel infiltration and reduces the number of host cells that infiltrate
into the scaffold. In contrast, functionalized ELR hydrogels containing general cell-adhesion
sequences (RGD), specific sequences for endothelial cells (REDV) and sequences with elastase
sensitivity (VGVAPG) support blood vessel infiltration, thus allowing rapid cell invasion of the
scaffold (Fig. 8). In the early stages, this invasion is governed by the formation of cellular
granulation tissue along with a mixture of neutrophils, lymphocytes, and macrophages that
pave the way to a cellular scar-like tissue containing numerous small vessels [111]. A successful
wound-healing process, or any other organ regeneration process, based on a bio-scaffold

approach clearly depends on the immune response and the formation of new blood vessels



that support host cell proliferation into the scaffold. Both angiogenesis and the immune

reaction must be controlled depending on the specific application.

NF Bottom _

28 days

Fig. 8. In vivo host response to SVF cell-based ELR implants. Staining for hematoxylin and eosin of SVF cell-based
constructs cultured in perfusion-based bioreactors in either NF (non-functionalized) or RR-ELR (functionalized)
hydrogels after 3, 14 or 28 days in vivo. Representative images of the bottom (in contact with the paper filter) and
the top parts of the implants (in direct contact with the host tissue). The * marks the paper filter, which is located at
the bottom of the implant. Scale bar = 100 um. Reprinted with permission from[111].

3.4.Surface treatment with ELRs
Fibres, hydrogels, and nano- or microparticles are not the only ELR-based constructs to be

applied in wound healing. Thus, Pierna et al. developed a method to biofunctionalize glass
substrates by chemically attaching ELRs to their surfaces[202]. This methodology requires a
chemical modification of the glass surfaces to incorporate alkynyl residues that can
subsequently react with azide-bearing ELRs. This allowed the glass surfaces to be
functionalized with thermosensitive ELRs, which change their conformation to expose or hide
bioactive sequences that induce cell attachment. Thus, while the temperature remains above
the T, the ELRs adopt a folded state that presents the bioactive sequences and allows cells to
attach to their surfaces. When the temperature is decreased below the T, the ELR backbone

changes to an extended conformation, thus hiding the bioactive sequences and triggering cell



detachment. This study demonstrated the possibility of harvesting single cells or a complete
cell layer without the need for chemical agents, and entire layers of fibroblasts were collected

in this manner, thus opening up the possibility of applications in dermal regeneration[202].

Solvent casting of ELR-RGDs onto surfaces has been applied by the Pastor group to create
bioactive substrates for the growth of human retinal pigment epithelial cells (hRPE). These
hRPE cells attached to the ELR-RGD substrates and proliferated, while maintaining their
morphology and RPE65 protein expression, for 360 hours, with clear differences with respect
to controls being observed after only 24 hours. These studies suggest the possibility of using
ELRs containing RGD sequences to fabricate a Brunch’s membrane prosthesis for regeneration

of the eye epithelium after iliness or trauma [203, 204].

4. Conclusion and future perspectives
In this review, we attempted to summarize the advances in the application of elastin-based

materials as platforms for wound healing. We have explored the possibilities that the two main
families of synthetic elastin (synthetic tropoelastin and elastin like polymers) offer in this field.
The tailored design and production of the elastin-derived materials is a versatile tool to
introduce specific biofucntionalities and reactive groups in concrete positions within the
backbone of the polymers. This tailored design allows a precise control over the architectural
features to obtain the mechanical properties required in wound healing applications. The
excellent biological, structural and assembly properties of the elastin-based materials have
been harnessed to prepare nanoparticles, films, fibres and hydrogels that are able to instruct
and respond to epithelial cells. Several methods to stabilize the scaffolds made of elastin like
materials have been summarized in this review. Although many efforts to obtain a rapid,
versatile and biocompatible crosslinking method have been done, only a few examples can be
found of systems that do not require the use of potential cell-harmful chemicals. This should
not be a problem if we do not want to fabricate cell-loaded or injectable systems, in which

rapid and cyto-compatible in situ crosslinking methods are mandatory.



In the case of tropoelastin-based materials for wound healing applications, many examples of
scaffolds from electrospun fibres and hydrogels can be found, but if we talk about
nanoparticles or functionalized surfaces only a few examples are described in literature. The
possibilities that nanoparticles and hydrogels from ELPs offer in the field that we are
concerned have been quite well explored. Nevertheless, only a few examples of scaffolds
based on electrospun ELP-fibres can be found in literature. Therefore, in our humble opinion,
although great advances have been achieved, there is still a long way to go in the development

of adequate platforms based on elastin like materials for wound healing applications.

From the previous pages can be deducted that there is still room for improvement in the
creation of systems based on elastin materials for wound healing therapies. The already
existing materials need to be deeply tested in vivo. New and more elastic scaffolds that
prevent from the contraction of the treated tissue and enhance the wound healing process
have to be investigated as well as new strategies that focus in the antimicrobial properties of
elastin-based scaffolds used as wound dressings. The use of recombinant materials opens the
possibility to incorporate bioactive sequences that could help in the development of new

biomaterials that can be applied in this field.
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