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Abstract

Elastin is the dominant mammalian elastic protein found in soft tissue. Elastin-based biomaterials
have the potential to repair elastic tissues by improving local elasticity and providing appropriate
cellular interactions and signaling. Studies that combine these biomaterials with mesenchymal
stem cells have demonstrated their capacity to also regenerate non-elastic tissue. Mesenchymal
stem cell differentiation can be controlled by their immediate environment, and their sensitivity to
elasticity makes them an ideal candidate for combining with elastin-based biomaterials. With the
growing accessibility of the elastin precursor, tropoelastin, and elastin-derived materials, the
amount of research interest in combining these two fields has increased and, subsequently, is
leading to the realization of a potentially new strategy for regenerative medicine.

1. Introduction

Regenerative medicine is a rapidly expanding area of modern medicine that aims to replace
or repair organs through administration of cells that have regenerative and
immunomodulative properties. These can include biologically active “matrices” that are
capable of recruiting host cells, stem cells, or a combination of both. The use of biomaterials
made from extracellular protein polymers is advantageous because they innately possess
qualities desirable for tissue regeneration, such as supporting cellular activity, including cell
signaling, and biodegradability where appropriatel.

Mesenchymal stem cells (MSCs) have multilineage potential and have been intensely
studied since their discovery. The combination of MSCs and scaffolds presents a new
strategy for tissue regeneration. One avenue currently being explored is the combination of
MSCs with elastin-based biomaterials, a class of protein biopolymers derived from elastin.
Elastin is an important component of the extracellular matrix (ECM) predominantly found in
soft elastic tissue (e.g. skin, blood vessels and lungs), and is produced from its monomer,
tropoelastin. This review will focus on applications of elastin-based biomaterials and MSCs,
discussing the profound impact of elasticity upon MSCs, giving background on the role of
elastin in tissue repair, and detailing recent advances in research and applications combining
the two.

2. Effects of elasticity on mesenchymal stem cells

Stem cells are unspecialized cells with the potential to differentiate into cells of multiple
tissue lineages. They are essential in facilitating biological development and are heavily
involved in repair and maintenance of tissue. MSCs were first isolated from bone marrow in
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the 1960s by Friedenstein et al. who described their ability to regenerate ossified bone, bone
stroma and hematopoietic tissue2. MSCs are believed to reside in local cellular and
molecular environmental niches which have not yet been isolated. The minimal
requirements for classifying MSCs are that the cells must adhere to tissue culture plastic
under standard culture conditions, must be able to differentiate into osteoblasts, adipocytes
and chondrocytes under standard differential conditions in vitro, and must exhibit markers
CD105, CD73 and CD90 (=95%) and lack expression of CD45, CD14, CD34, or CD11b,
CD79 alpha or CD19 and HLA-DR (<2% positive)3.

Much research has focused on investigating MSC “plasticity” in terms of differentiation,
which refers to the ability of MSCs to mature into cells other than those of their tissue
origin®. Pittenger et al. showed the in vitro differentiation of human bone marrow MSCs
(bmMSCs) into osteogenic, adipogenic and chondrogenic lineages by culturing cells in
differential media and identifying the extent of differentiation through a combination of cell
morphology, surface markers and histological methods®. Classically, media containing
soluble growth factors that provide biochemical cues have been used to induce the
differentiation of MSCs®. They were widely thought to be the determining factor of
differentiation until Engler et al. showed the profound impact of matrix elasticity upon MSC
morphology and lineage markers by using collagen-coated polyacrylamide gels with tunable
stiffness to facilitate cell differentiationS. In the absence of differential media, bmMSCs
grown on soft gel surfaces with Young’s moduli of 0.1 — 1 kPa displayed branched neuron-
like morphology and upregulated neuron-specific markers such as 3 tubulin and nestin®.
BmMSCs grown on surfaces mimicking muscle stiffness with Young’s moduli of 8 — 17 kPa
or the osteoid stiffness with Young’s moduli of 25 — 40 kPa displayed the appropriate
respective myoblastic or osteogenic morphologies and transcriptional markers that indicated
mechanically-directed differentiation®. The addition of differential media that did not
promote the same lineage as the surface stiffness resulted in a mixed MSC phenotype and
appeared to be influenced by both the physical and biochemical signals, highlighting the
importance of matrix elasticity in directing MSC activity8. This discovery significantly
impacted the direction of MSC research, leading to the study of mechanical cues that affect
MSC behavior.

Of noteworthy consideration is that most of the above experiments were performed on 2D
substrates, whilst the usual environment of cells in tissue is 3D. The difference in cell
activity between 2D and 3D environments has become an area of intense study because
results of 2D experiments do not necessarily translate well to 3D experiments’. For example,
although matrix elasticity influences MSC differentiation similarly in both 2D and 3D
scaffolds, the morphology of cells in 3D experiments is markedly different to those grown in
a 2D environment8-10, A likely explanation for this is that MSCs adopt apical-basal polarity
on 2D surfaces, unlike in their native 3D environment’, meaning that the cell’s adhesions to
the substrate are limited to the base of the cell rather than spread across the majority of its
surfacell. As many of the cell’s adhesion receptors also serve as mechanosensors, the
dimensionality of scaffolds becomes important in eliciting cellular responses, including stem
cell fate, signal transduction, ion flux and gene transcriptionl2. As the intricacies of the
relationship between cell fate and dimensionality are unraveled, scaffolds that better
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simulate the cells’ natural 3D environment may be fabricated, furthering the depth of
knowledge about MSC activity.

The impact of matrix elasticity extends beyond MSC differentiation. For example, the cell
cycle of three distinct progenitor cells (osteoblasts, fibroblasts and mammary epithelial
cells) was found to be affected by substrate elasticity in all cases!3. Cell cycle progression
was found to be partly controlled by phosphorylation of retinoblastoma protein (a regulator
of the G1/S stage of the cell cycle) in a manner dependent on substrate elasticity3. Another
study found that MSCs appear to be quiescent on soft substrates with Young’s moduli of
approximately 250 Pa, similar to that of fat and bone marrow!4. MSCs cultured on materials
with other Young’s moduli values below 1 kPa have yielded similar results® 16, A further
study using muscle stem cells demonstrated stem cell self-renewal on hydrogels that
mechanically resembled soft muscle tissue with Young’s moduli of approximately 12 kPal’.
These data are suggestive of microenvironmental stem cell niches being defined by unique
matrix elasticity, and that the elasticity may play a role in regulating stem cell quiescence.
Under this assumption, the presence of MSC niches in stiffer tissues could then be explained
by the existence of niches as specialized “pockets” of regulatory ECM that have an elasticity
different to the rest of the tissue in that anatomical location.

The composition of the ECM has also been found to impact MSC activity. For example,
laminin surface coatings have been found to enhance neuronal stem cell migration,
expansion and differentiation, unlike fibronectin coatings8. This suggests unique roles for
ECM proteins in regulating differentiation, possibly by providing extra signals to drive the
cell cycle. Additionally, the presence of elastin around stem cell niches, such as hair follicles
in skin? or through vasculature of the bone20, presents circumstantial evidence for its
potential involvement in regulating stem cells. Since elastin is involved in cell signaling to
the ECM2L, it may also have a role in regulating the fate of MSCs.

Cells sense substrates including the ECM through their external receptors. An example of
these receptors are integrins, a major class of adhesive cell receptors, which are linked to the
cell cytoskeleton through a network of proteins22. The binding of integrins to cell receptors
is linked to cytoskeletal activities such as spreading and morphology, which are used as a
measure of biocompatibility of substrates. The large assortment of integrins that arise from
combinations of a and  subunits means that these receptors will only bind substrates when
appropriate, because they have different binding preferences towards different substrates.
For example, collagen I is bound by integrins a1p1 and a,B123, tropoelastin is bound by
ayPz24 and aP521, and laminin is bound by agf3125. The specific sequences bound by
integrins have been used to functionalize biomaterials, especially “blank-slate” materials
such as poly(ethylene glycol) which do not normally encourage cell adhesion28: 27, These
materials are useful for investigating the effects of either functional ligands or entire ECM
proteins, which are inherently difficult to isolate from the mechanical properties of a pure
protein scaffold since the two are closely intertwined. Hwang et al. found MSCs
encapsulated in PEG gels containing different ECM constituents differentiated depending on
the component available for cellular binding28, thus allowing some discrete observation of
the effects of particular ECM ligands. Rowlands et al. investigated the combined impact of
substrate stiffness and ECM signaling upon MSCs, by using polyacrylamide hydrogels
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covalently coated with ECM proteins2®. Discrete combinations of hydrogel stiffness and
protein coatings were used to examine the factors required to direct MSC osteogenesis or
myogenesis2?. Rowlands et al. found that MyoD1, a myogenic marker, was expressed at a
high level on surfaces of 80 kPa regardless of the ECM protein, yet the area of spreading
was significantly different between ECM coatings2, highlighting the capacity ECM of
components to direct MSC lineage and gene expression. Altrock et al. observed that
hematopoetic stem cells altered their signaling and rearranged their distribution of integrins
depending on the nanopatterning of fibronectin coatings®C. Further studies investigated the
nanopatterning of RGDfK ligands on PEG gels and found that osteoblasts spread poorly
when ligands were over 73 nm apart due to limited integrin clustering®l. The importance of
the arrangement of ligands adds a further layer of complexity to directing MSC function.
Although the ligand and mechanical signaling aspects of the ECM are closely interrelated,
these advances come closer to understanding the subtle cues that are innate to the ECM and
are likely to give rise to a new class of biomaterial that is highly instructive and can
precisely direct cellular activity.

Two long-standing issues of regenerative biomaterials are the rejection of an implant by the
patient’s immune system, and that angiogenesis needs to occur in order for the implant to
host viable cells long-term. The secretion of trophic and immunomodulatory molecules can
be affected by substrate stiffness32-34. Therefore, focus has been on creating biomaterials
that direct the MSC secretome, which can lead to modulating immune cells or promoting
trophic activities such as angiogenesis to improve patient outcomes3°-37,

MSCs are of interest in both these areas because they secrete a wide variety of biochemical
molecules including soluble growth factors, including TGF-p1, VEGF, insulin-like growth
factor, platelet-derived growth factor, and fibroblast growth factor. An example of the
influence of substrate elasticity upon the trophic behavior of MSCs is the increased secretion
of VEGF on stiff surfaces that resemble muscle and harder tissues (20 kPa — 40 kPa)
compared to softer surfaces resembling neural tissue (0.5 — 2 kPa)32: 33, A study involving
retinal cells noted that an increase in matrix elasticity correlated to an increase in VEGF
mRNA and in vivo retinal angiogenesis, and additionally elucidated the involvement of
filamin, a mechanotransucing protein, through inhibition with short interfering RNA34,
Although the exact link between elasticity and VEGF secretion has not been established in
MSCs, these initial results suggest the feasibility of a scaffold that can eventually be
designed with appropriate mechanical properties to promote angiogenesis in regenerated
tissue.

MSC:s are also of special focus in immunomodulation. They are capable of suppressing the
proliferation of B cells, dendritic cells and natural killer cells38, modulating CD8* T cells3?,
and halting monocyte differentiation into specialized immune cells*°. Therefore, MSCs have
the potential to be applied to patients with diseases where the immune response poses a
significant barrier for the wellbeing of patients, such as graft-vs-host disease, Crohn’s
disease, myocardial infarctions and tissue transplantation*!. However, MSCs can also
secrete pro-inflammatory cytokines in certain situations; MSCs grown on substrates of
medium stiffness resembling muscle tissue (10 — 20 kPa), secreted pro-inflammatory
cytokines, interleukin 6 and interleukin 832 33, |t is apparent that substrate elasticity requires
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a fine degree of tuning if MSCs are to be therapeutically relevant, especially for patients
who may be immunocompromised or taking immunosuppressive treatment. To further
illustrate the complexity of design considerations of a scaffold for implantation, it is of note
that these cytokines are also involved in promoting angiogenesis®? 43, which is of
significance for tissue repair. Thus, further investigation is required to assess whether the
pro-angiogenic nature of these cytokines would outweigh the elevation of inflammation in
vivo to promote sufficient healing in patients.

The relationship between MSCs and matrix elasticity offers an explanation as to why
administering MSCs as an infusion, into either tissue or the bloodstream, have yielded
mixed results. Although some studies reported improvements in wound healing**—47, others
have shown that undirected administration of MSCs can cause serious and adverse effects
such as ossification of cardiac tissue*® 49, Although MSCs are capable of homing to injured
tissue to participate in wound repair®® 51, damage through injury or disease can compromise
the elasticity of tissue by aberrant ECM formation, leading to changed biochemical
conditions that may not necessarily direct MSCs in a way that is beneficial for patients*°.

3. Elastin and tropoelastin: role in tissue repair and maintenance

3.1. Properties and interactions

The structure of tropoelastin is composed of several regions that directly contribute to its
inherent mechanical properties. Tropoelastin is a highly elastic protein; it is capable of
extending to approximately eight times its resting length with no evident hysteresis®2. A
spring-like coil adjacent to the N-terminus primarily contributes to this elasticity. The
molecule is entropically driven to recoil after stretching because the configuration of water
changes when hydrophobic regions are exposed upon stretching®3, decreasing the number of
possible structural conformations®*. Further flexibility arises from a hinge region, which has
a less ordered structure compared to other regions in tropoelastin®>-7. The hinge region
contains key lysine residues that participate in cross-linking to form elastin®®: 59, adding
stiffness to elastin fibers as demonstrated by the difference in Young’s moduli between
tropoelastin and natural mature elastin (~3kPa and 300-600 kPa respectively)>2 €0, The
stiffness of elastin-containing biomaterials can be modified with different manufacturing
conditions and cross-linking treatments, resulting in materials with uniquely tailored
Young’s moduli from 8 kPa to 20 MPa®L. The role of the bridge region in tropoelastin is less
understood, but as the disruption of domains in this region leads to limited elastin formation,
it may have involvement in elastin assembly62: 63,

The full extent of interactions between cells and elastin derivatives is only partially
understood. However, it is well accepted that elastin derivates, such as tropoelastin, provide
an important platform for supporting the activities of many cells including fibroblasts,
endothelial cells and smooth muscle cells!®. The most well characterized cell-tropoelastin
interactions are mediated through cell receptors such as elastin-binding protein (EBP)%4,
glycosaminoglycans (GAGs)® and integrins?1: 24,

EBP is a transmembrane protein®® that is an inactive, alternatively spliced variant of p-
galactosidase capable of binding XGXXPG sequences in elastin such as VGVAPGS7: 68,
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Binding of EBP to extracellular elastin fragments, formed through injury, triggers cell
activity such as myofibrillogenesis mediated by vascular smooth muscle cells8%: 70 and
chemotaxis of fibroblasts and monocytes®’. EBP also has a chaperone role during elastin
formation by limiting tropoelastin degradation and intracellular aggregation®8.

Other major protein receptors of elastin are integrins, which are involved in cell adhesion,
migration and proliferation, as previously discussed’?. Integrins often bind RGD motifs of
other ECM components’2. However, tropoelastin lacks RGD sequences and binds to
integrin a,B3 through its C-terminus24, and has also recently been shown to interact with
fibroblast integrin a,Bs through a central region??.

Lastly, elastogenic cell-surface GAGs’3 are thought to be involved in elastin assembly”* 75,
Negative charges on GAGs may interact with positive residues on tropoelastin, such as
lysine and arginine, to neutralize charges that may otherwise repel each other during elastin
assembly?8 and enhance the critical concentration of tropoelastin in solution required to
form sphere-like structures important for elastin formation’’. However, GAG-tropoelastin
interactions have been mostly observed with bovine tropoelastin, which contains additional
exons 34 and 3524; the binding between GAGs and human elastin has yet to be fully
explored.

3.2. Elastin and elasticity in repair and disease

Elastin does not comprise the majority of most tissue other than large elastic blood vessels
and ligaments’®, yet its contribution to tissues is of such importance that when its structure
is compromised, there are serious repercussions for the function of tissue containing aberrant
elastin1®. Elastin can be damaged by external mechanical and thermal forces’®, or internally
by diseases such as atherosclerosis of arteries and calcification of native heart valves8?: 81,
The breakdown of elastin, the most durable ECM protein, is thought to elicit a powerful
signal that involves all stages of the wound repair pathway: inflammation, repair and
remodeling9: 82. 83,

Remarkably, fetal tissue wounds repair scarlessly wounds to fetal tissue unlike wounds in
adult tissue. This is likely due to dissimilarities between the tissues, for example, repression
of immune cells in fetal tissuel®. A significant concern that arises during adult tissue repair
is a deficiency in elasticity, which results in de novo tissue that is both mechanically and
functionally compromised?®. A well-studied example is the reduction of elasticity in the
lungs of asthma patients through airway remodeling®4. Disarrayed elastin formed in poorly
remodeled airways elevates inflammation and increases the number of smooth muscle cells
and blood vessels, leading to overall airway wall thickening and reduced elasticity®4. A
similar situation occurs during atherosclerosis, where elastin damage through low density
lipoproteins leads to anomalous remodeling in the arteries, causing an impairment of
function that contributes to strokes and thrombosis®9. Histological analysis of dermal
scarring such as hypertrophic scars, burn-related keloids, and other trauma show fragmented
elastin that has been poorly remodeled in inappropriate dermal layers®®. For example, a
significantly larger amount of aberrant elastin is deposited in the deep dermis as keloids,
contributing to the lack of local elasticity in this type of scarring®.
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Elastin-based biomaterials have primarily been investigated due to their potential to
introduce elasticity into poorly regenerated tissue, with the aim of imbuing them with
improved function comparable to tissue reformed during fetal wound healing86: 87, Further
knowledge of the cellular interactions and mechanical properties of elastin will allow the
creation of biomaterials that are able to mimic a range of functions required for tissue
regeneration.

3.3. Sources of elastin and its derivatives

Elastin-based biomaterials can be fabricated from natural, recombinant and synthetic
sources. They have been recently reviewed in-depth®8, therefore, this section will briefly
describe the sources of elastin available and the current technologies available for creating
biomaterials.

Natural elastin and tropoelastin are difficult to source for use in biomaterial fabrication; the
expression of tropoelastin is largely repressed in adults®®, nor is it readily isolated because it
is insoluble in its native form9. Due to this, human elastin has often been purified from
donated cadavers. Consequently, finding alternative sources of elastin and tropoelastin was
warranted. Due to interspecies conservation of many important sequences in the tropoelastin
gene?l, animal-derived tropoelastin has become a widespread alternative to natural human
tropoelastin. Generally, however, isolating elastin from animals requires inhibiting the
natural cross-linking process involving lysyl oxidase and is often achieved through
administering a copper deficient diet to animals®2. Being inefficient and ethically
questionable, there have been other strategies to source animal-based elastin, for example
chemically treating synthetic-soluble elastins such as a-elastin3.

A second alternative to human elastin employs recombinant human tropoelastin DNA in E.
coli systems®*. Optimization of the genetic codons fo protein synthesis in E. coli has
allowed synthetic human tropoelastin to be more readily obtained through bacterial culture,
yielding high purity recombinant human tropoelastin®. This recombinant synthetic human
tropoelastin has been demonstrated to be functionally similar to native tropoelastin in its
ability to form mature elastic fibres?. Natural and recombinant full-length tropoelastin have
been most commonly used in dermal and cardiovascular applications®l.

A third class of elastin derived-biomaterials are elastin-like polypeptides (ELPs). These are
usually based on repeating penta- or hexapeptide sequences containing a VPGXG pattern
(where X is any amino acid other than proline) that are present in hydrophobic regions of
tropoelastin®’—99, They can be chemically synthesized or produced by recombinant
technology, and have been researched due to their self-association properties to engineer a
variety of materials because they are biocompatible1%, biodegradable1%® and low in
toxicity201. One of the distinguishing features of ELPs is their inverse temperature sol-gel
transition, allowing the formation of materials under mild conditions®”: 98: 102 Conjugating
specific peptide sequences to ELPs facilitates cell binding103-105 and can be tailored to bind
specific cells*>1096, These motifs include the RGD, which is a ligand of many major
integrins such as a,f3107, and other sequences such as RGDS or REDV to encourage
specific cell binding*4:4°. The minimalist approach to building ELP scaffolds has resulted in
highly tailored surfaces that promote cell activity including adhesion and
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differentiation07-110 and similar discoveries in the future could provide further
customization of therapeutic scaffolds.

3.4. Elastin-based biomaterials

The current applications of elastin-based biomaterials are wide and varied. The forms in
which elastin derivatives have been utilized can be classified as hydrogels, electrospun
scaffolds, and material coatings.

Although many polymers have been researched for clinical applications, the surface
properties of some polymers may be inadequate as a proper biological interface, especially
in the context of cell signaling. Hence, it is not only advantageous but sometimes necessary
to provide an active biological interface between an implant and the in vivo environment. In
cardiovascular applications, tropoelastin, elastin and elastin-derivatives have been shown to
readily adsorb onto different polymer substrates and form non-thrombogenic coatings1L.
Plasma activated coatings have also been employed to cardiovascular stents in conjunction
with tropoelastin, demonstrating improved biocompatibility, facilitating endothelial cell
adhesion and proliferation, and lowering thrombogenicity of metal alloy stents112 113,

Elastin and its derivatives have also been employed in fabricating hydrogel scaffolds. A
number of cross-linking options are available for the formation of hydrogel scaffolds
including traditional chemical cross-linkers, such as glutaraldehyde94. 114 and
bis(sulfosuccinimidyl) suberate (BS3)11°, to more novel chemical-free cross-linking
strategies, such as pH instigated cross-linking!1® and photocrosslinking!1’. Subsequent to
the variations in fabrication, tropoelastin, ELP and elastin-based hydrogel scaffolds have
demonstrated great tunability in terms of microstructure!® 119 mechanical

propertiest17: 120 and biological function12l 122,

Electrospinning is another common technique for producing biomaterials. It results in nano-
and micro-diameter fibers from a protein solution that can be cross-linked to provide
structural stability8”. The mechanical strength, pore size and surface structure of the
materials can be controlled by flow rate and concentration of the solution, applied voltage
and distance to target123.124_ Elastin derivatives can be co-spun with other polymers, natural
or synthetic, to alter the properties of the resulting scaffold, resulting in a greater range of
mechanical properties8’: 125. 126 and biological activity8”: 127,

4. Applications of MSCs in combination with elastin-based biomaterials

As discussed, elastin in the ECM has crucial roles in cell adhesion, migration and
proliferation6l: 63, Elastin and its derivates have been employed in numerous biomaterials to
provide cellular attachment sites and enhance tissue flexibility and biocompatibility128. The
uses of elastin-based biomaterials have expanded, from “classical” elastic tissue
regeneration to regenerating non-elastic tissue such as bonel%7. This has been, in part,
achieved through harnessing the multilineage potential of MSCs120. 121,129, 130 Considering
elastin and MSCs are both integral to tissue and wound repair, it is expected that some
elastin-based biomaterials are capable of supporting the cellular activities of MSCs, though
the precise nature of these interactions awaits characterization. MSCs and elastin-based
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biomaterials have been separately discussed in-depth in recent reviews®8: 123.131: therefore,
this review section will discuss advances pertaining to the combination of MSCs and elastin-
based biomaterials.

MSC-mediated regeneration of bone is a growing area of research, which has recently
expanded to include elastin-based biomaterials for regenerative cell-matrix interactions. The
application of MSCs to bone accelerates regeneration, aids in regenerating non-union cases
of bone injury, and has been suggested to interfere with bone tumor signaling?32. The major
design consideration for these scaffolds is to promote osteogenesis. Therefore, studies have
focused on exploiting the mechanical and signaling conditions required for MSCs to initiate
bone repair.

Recombinant ELPs modified with extra cross-linking sites to promote fibril formation have
been demonstrated to enhance human bmMSC adhesion and proliferation in comparison to
purely hydrophobic ELPs198, Additionally, the same study found ELP coatings on plastic
and glass supported osteogenic differentiation of MSCs and high cell viability even in the
absence of osteogenic medial98. The surfaces of ELP based materials can be tuned at a
nanometer scale to explore the in-depth effects of topography on cell behavior. For example,
the surfaces of recombinant ELP membranes modified with a HAP motif (found in statherin,
which is important for tissue mineralization) can be uniquely patterned to promote rat
bmMSC differentiationl%6. The membrane stiffness of 2081 + 315 kPa is comparable to
bonel®l and is likely to have contributed to the differentiation of the cells in combination
with the HAP motifl06. This was reflected by an in vivo study, where implantation of
bmMSC-seeded ELP-HAP membranes into rat calvarial defect models resulted in enhanced
bone regeneration compared to non-bioactive membranes and no-implant control groups97.

Porcine MSCs grown on recombinant ELP-RGD conjugated hydrogels supported enhanced
adhesion, migration and proliferation compared to hydrogels that passively adsorbed the
RGD sequencel®®. Hybrid hydrogels consisting of ELPs and other ECM protein fragments
may also be beneficial in promoting MSC differentiation. The presence of collagen type I in
recombinant ELP coatings encourages high MSC viabilityl08, and if the binding site of other
ECM proteins can be isolated and used to functionalize ELPs, enhanced MSC activity may
be achieved.

Tropoelastin has also been explored in terms of bmMSCs. Combining different ratios of
tropoelastin and silk (from silkworm, Bombyx mori), yields a variety of biomaterials with
distinct mechanical and surface properties!?0. The advantages of a silk-tropoelastin
biomaterial are numerous. Semicrystalline silk is particularly useful for blending with
tropoelastin because it does not require cross-linking to maintain its structure; this is
currently an issue with pure tropoelastin studies to date20. The B-sheet structures of silk
adds stiffness to these hybrid biomaterials, which are beneficial for creating biomaterials
with mechanical properties capable of promoting regeneration of tissue types other than
elastic tissue8® 87120 |mportantly, the presence of tropoelastin in silk biomaterials is
advantageous because it can enhance elasticity depending on the ratio of silk to
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tropoelastin'?0, and increases biocompatibility for several cell types including fibroblasts,
myoblasts and MSCs120. 121, 128,

Hu et al.’s study details the effects of modifying the composition of silk-tropoelastin blends
on bmMSC adhesion and proliferation in vitrol2%. bmMSCs cultured on blends with higher
ratios of recombinant human tropoelastin displayed elongated cell morphology (indicating
cell adhesion) in comparison to spherical cells on pure silk120, Significantly more bmMSCs
were seen on blends containing 10% and 25% (molar %) tropoelastin in comparison to pure
silk120, which is consistent with another study that noted an elevation of silk-tropoelastin
scaffold biocompatibility with MSCs as the amount of recombinant human tropoelastin
increased128. Cell proliferation also appeared to be dependent on the amount of tropoelastin
in the scaffold129, which was expected considering the ability of tropoelastin to support
cellular activity?1. Osteogenic markers such as calcium deposition and alkaline phosphatase
activity of bmMSCs, increased with the amount of recombinant human tropoelastin in silk-
tropoelastin scaffolds in the absence of osteogenic medial?l. This occurred despite a
decrease in Young’s moduli associated with tropoelastin content (ranging from 27 MPa - 5
MPa for 0% — 50% tropoelastin scaffolds), in contrast to similar experiments®. Hu et al. also
noted an overall increase in surface roughness of scaffolds as tropoelastin content was
elevated that correlated with an increase in osteogenesis, hinting at why MSCs did not favor
osteogenesis on pure silk substrates21, Therefore, tropoelastin’s role in altering scaffold
surface topography would be another useful implementation for the design of future
bioactive scaffolds.

Experiments and clinical trials have highlighted the beneficial effects of MSCs from a
variety of sources in dermal repairl33-136, Several studies have recognized the importance of
delivering MSCs through a scaffold. 18 out of 20 patients with dermatopathies that
responded poorly to artificial skin grafts presented successful healing after implantation of a
MSC-laden scaffold!37. Another study showed that adipose MSCs on a decellularized full-
thickness ECM dermal scaffold improved neovascularization, compared to scaffold-only
treatment groups, when applied in combination with pressure wound therapy138, BmMSCs
can also reduce scarring by promoting new ECM deposition and diminishing inflammation
in murine dermal fibrosis models3°.

As the aberrant expression of elastin at wound sites leads to a lack of elasticity and function
in regenerated tissue®, a biomaterial that could provide elasticity to skin during healing, and
perhaps long-term post-implantation, would be important to utilize in a dermal substitute
scaffold®7. Therefore, scaffolds of this type would be especially beneficial for patients with
chronic wounds such as ulcers140 or full thickness wounds such as severe burns8.

Electrospun tropoelastin scaffolds have similar elasticity to skin®’, thus, it is conceivable
that they could provide adipose MSCs with sufficient mechanical cues to induce
differentiation without requiring growth factors, similar to Engler et al.’s experiment5.
Machula et al. showed that adipose MSCs are capable of adhering to a pure recombinant
human tropoelastin scaffold40. Preliminary in vitro studies showed that adipose MSCs
formed de novo ECM when attached to the scaffold, and implantation of these cell laden
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scaffolds into mice resulted in the formation of neovasculature, stratum corneum and
epithelium growth40. These results are in line with previous studies which have shown that
adipose MSCs are capable of differentiating into keratinocytes41, epithelial cells142,
endothelial cells42-144 or perivascular cells'4®. This agrees with Machula et al.’s study that
adipose MSCs contributed to the faster wound closure and thicker regenerated epithelium
that was observed in vivo with the seeded MSC scaffold in comparison to unaided wound
healing140. However, given that previous studies investigating electrospun recombinant
human tropoelastin scaffolds have already found that tropoelastin alone encouraged dermal
regeneration8’, the combination of adipose MSCs and tropoelastin warrants further
investigation, especially in comparison to scaffolds without cells.

4.3. Cartilage

Cartilage is a tissue often associated with age-related diseases because it naturally
degenerates over time; in particular, the low cell density hinders the ability of cartilage to
regenerate. Results from osteoarthritis studies injecting intra-articular MSC suspensions to
promote cartilage regeneration have varied from no repair, found through X-ray analysis of
four patients treated with bmMSCs148, to cartilage regeneration and improved range of
movement in a single patient study4’. Even though cell-free scaffolds based on natural
polymers, for example, hyaluronan#® and collagen14, and synthetic polymers, such as
polycaprolactone!®0, have yielded encouraging results by alleviating the effects of degraded
cartilage, the combination of cells and scaffolds has been the main focus of regenerative
studies to date1®1,

ELP hydrogels can be designed to mimic the shear moduli of other collagen and hyaluronan
hydrogels; this is achieved by engineering the inverse temperature transition of ELPs alone
such that the scaffold greatly stiffens upon coacervation'®2, Chondrocytic-associated genes
(such as SOX9 and collagen I1) of adipose MSCs encapsulated in recombinant ELP
hydrogels were upregulated in low oxygen tension conditions in vitro'®3. This gene
upregulation was reflected by increased collagen Il deposition found through
immunohistochemical staining13. Of note is that these changes appeared independently of
chondrocytic factors, dexamethasone and TGF-B1, indicating that the ELP scaffold provided
the adipose MSCs appropriate cues to initiate the chondrocytic process153. Recombinant
silk-elastinlike hydrogels consist of repeating sequences from silk and mammalian
elastin14. One study showed that these hydrogels, in combination with TGF-$3, also
upregulated chondrocytic genes such as SOX9 and collagen X in MSCs and gave rise to
newly deposited collagen 11154, These studies display the benefits of encapsulating MSCs in
elastin-based biomaterials to present a chondrogenic environment, paving the way for novel,
viable strategies for regenerating cartilage.

5. Conclusions

The strong evidence for the beneficial relationship between tissue elasticity and MSC
activity justifies the combination of elastin-based biomaterials with MSCs. The successes
highlighted by this review demonstrate the value in exploring this synergistic relationship
across a range of mechanically diverse tissues such as skin and bone. Although the
applications of elastin-based biomaterials and MSCs have focused on bone, skin and
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cartilage, further investigation will open opportunities for the regeneration of other tissues
and improved clinical efficacies using this approach.
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