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Introduction

potential to fabricate tissue and organ replacements, seemingly on 
demand, using autologous, patient-derived cells. However, replicating 

one yet unsurmounted challenge is the inability to coax such adult cell 

critically maintain native tissue structure, allow them to recoil following 
stretch, and enable biomechanical transduction of contacting cells 
[1-4

structures (e.g., sheets, lamellae) are critical to ensuring proper 
biological and mechanical tissue function. 

Developing technologies to mimic physiologic elastic matrix 
assembly is an area of active, ongoing research that has been 
comprehensively discussed in several recent reviews [5,6
assembly process involves several steps of coordinated intracellular 
and extracellular activities, typically directed by smooth muscle 

molecules (i.e., tropoelastin), (b) their transport to the extracellular 
space, (c) binding of the cell-surface elastin-laminin receptor (ELR), 
(d) coordinated engagement of a galactolectin binding site present
on the elastin binding protein (EBP) of the ELR by glycoprotein (e.g.,

for crosslinking by lysyl oxidase (LOX) enzymes into matrix deposits,
and (e) radial and longitudinal growth of these deposits to form mature

Research to date suggests that the greatest impediments to 
engineering elastic matrix-rich tissues in vitro are the poor tropoelastin 
mRNA expression and translation by most cell types beyond the 
neonatal stage, [7,8] barring certain exceptions such as smooth muscle 
cells (SMCs) of the bladder [9] and female reproductive tissues, [10] 

[11

to enhance elastin precursor synthesis multi-fold by stimulating cells 

composition, and incorporating bioreactors. Promising biological 
factors include cyclic GMP, [12] fetal calf serum, [13] insulin-like 
growth factor 1 (IGF-1), [14] transforming growth factor β1 (TGF-β), 
[15] aldosterone, [16] retinoic acid, [17] and hylauronan oligomers
(HA-o) [18

19] adding factors (e.g.

19-21]

nor not too compliant improves cellular elastin biosynthesis), [22,23]

improved cell adherence and tropoelastin synthesis, and reduced
collagen synthesis) [24]. In addition, biomechanical transduction
of cells via application of cyclic mechanical stretch has been shown
to improve matrix deposition [23]. While promising, the collective

elastic matrix and stabilize the elastic matrix structures against rapid
biodegradation. Further, spatial orientation of and proper alignment

tissue constructs to replicate the anisotropic mechanics of the elastic
tissue types they are intended to replace. Strategies to enhance these
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Abstract
Progress in tissue engineering clinically useful replacements for soft, elastic tissues is presently constrained by 

that occurs primarily in the fetal and neonatal stages. With recent progress in being able to enhance elastin precursor 

address the other, equally important, if not more critical issues such as extremely poor recruitment and crosslinking 
of tropoelastin, and the need to direct the organization of crosslinked elastin deposits into matrix structures (e.g., 

editorial provides insight into potential strategies to address these challenges and the key factors that are likely to 
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three aspects of elastic matrix assembly are therefore key areas areas 
of research interest in the field today. Further progress in enabling 
biomimetic elastic matrix assembly requires advances in scaffold 
development, which are critical since scaffolds provide the substrata for 
cell adherence, spreading, and proliferation, include the biomechanical 
transductive cues that regulate cell behavior, and serve as templates for 
cellular deposition of extracellular matrix (ECM).

Improving elastin precursor recruitment and crosslinking

As we have stated in the introduction, there are several growth 
factors and other biomolecular agents that are now known to 
stimulate tropoelastin synthesis by adult cells. However, efficient 
recruitment and crosslinking of these precursors into an elastic matrix 
can be more difficult to achieve, and in fact represent a more critical 
problem, which if addressed can have significantly greater impact 
than improving tropoelastin synthesis itself. For example, Mecham 
et al. [13] demonstrated in vitro that fetal bovine ligamentum nuchae 
fibroblasts produce tropelastin of which most was released into the 
culture media instead of being incorporated into a matrix. Our studies 
have further shown that while healthy adult rat aortic smooth muscle 
cells typically incorporate only 8-15% w/w of synthesized tropoelastin 
precursors into a matrix, [18] this fraction can be even lower at 1-2% 
w/w for cells isolated from diseased (e.g., induced abdominal aortic 
aneurysms) rat [25], and human aortae [26]. This implies that 85-98% 
w/w of synthesized tropoelastin is untapped in generating elastic matrix 
structures. The corollary is that a tremendous potential for harnessing 
otherwise unused tropoelastin precursor molecules for creating matrix 
structures exist, provided appropriate strategies are identified to 
enhance their recruitment, crosslinking, and further organization into 
structures that can influence tissue elasticity.

Substrate hydrophilicity and anionicity appear to significantly 
benefit elastin precursor recruitment. For example, it has been 
shown that polyhydroxy alkaonate (PHA) scaffolds incorporating the 
hydrophilic 4-hydroxybutyrate (4-HB) moiety stimulate increased 
cell adherence and insoluble elastin deposition relative to similar 
scaffolds incorporating the more hydrophobic hydroxyhexaonate 
(HHx) instead [27]. The increases were also determined to correlate 
positively to increases in 4-HB content, and thereby, hydrophilicity. 
Similarly, preferred tropoelastin coacervation and crosslinking has 
been noted in cultures containing exogenous supplements of anionic 
long-chain hyaluronan (HA), [28] a matrix glycosaminoglycan (GAG), 
and hydrogels and other biomaterials incorporating derivatized and/
or crosslinked long-chain HA. [29-31] Gheduzzi et al. [32] provided 
some insight into the mechanisms underlying these phenomena in 
demonstrating that negatively charged proteoglycans (e.g., heparin 
sulfate or HS) serve to stabilize globular coacervates of tropoelastin 
precursors that reduces the minimal concentration of tropoelastin 
required to initiate elastic microfiber assembly. Less anionic 
proteoglycans however (e.g. chondroitin sulfate or CS) do not have the 
same effect, either due to charge effects or specific molecular interactions 
[33]. The coacervates are then released in a timed manner when the 
positive charge on tropoelastin is neutralized upon crosslinking by 
lysyl oxidase (LOX) [34]. This allows the coacervates to move through 
the ECM and engage glycoprotein microfibrils for fiber assembly. 
Thus, a potential strategy to improve elastin precursor recruitment 
for matrix assembly might be to select anionic scaffolding materials, 
or modify scaffold surfaces with negatively charged functional groups 
to enhance electrostatic interactions with the positively charged elastin 

precursors. An alternative strategy might be to incorporate negatively 
charged biomolecules (e.g., HS) themselves into the scaffolds, for the 
same purpose. 

There is also strong evidence that the composition of the ECM 
microenvironment within scaffolds influences the extent and timing 
of elastin precursor release from the cell surface, their recruitment 
and crosslinking to form stable coacervates, and the engagement of 
microfibrillar proteins to form elastic fibers. For example, compared 
to neonatal vascular SMCs, adult SMCs produce significantly higher 
amounts of proteoglycans such as versican. Hinek et al. [6] have shown 
that the CS side chains on the versican molecule overwhelmingly 
engage the galactolectin domain of the elastin binding protein on the 
cell surface, reducing engagement of the same site by microfibrillar 
glycoproteins such as fibrillin that form pre-scaffolds for elastin 
deposition. This leads to diminished tropoelastin affinity for the 
EBP and its premature release. The result is poor coacervation and 
crosslinking of tropoelastin and its diminished deposition onto the 
glycoprotein pre-scaffolds. HS however does not elicit these negative 
effects since it does not contain galactose sugars and cannot bind the 
EBP. The presence of long-chain HA at the cell surface also enables 
versican binding via its HA binding motif, followed by engagement 
of the EBP by its CS chains as stated above. Reducing versican 
bioavailability at the surface via incorporation of splice variants lacking 
the CS-bearing domains, as shown by Merrilees et al. [35] or potentially 
preventing versican binding to long-chain HA by reducing availability 
of long-chain HA at the cell surface through competitive engagement 
of the HA receptor (i.e. CD44) by much shorter, non-versican-binding 
HA oligomers (HA-o), [36] may be two possible strategies to enhance 
fractional elastic matrix yield in culture.

In the absence of proper crosslinking, elastin incorporated into 
tissue-engineered constructs resembles disorganized amyloid elastic 
fibers, which are typically produced in vivo in certain pathological 
conditions (e.g. atherosclerosis). Various strategies have shown potential 
to improve crosslinking, including providing media supplements of 
lysyl-oxidase (LOX) and LOX activity-enhancers (e.g. copper ions in 
the form of soluble copper salts). Recently, Kothapalli and Ramamurthi 
[37] showed that controlled and gradual copper ion release from copper
nanoparticles prevents long-term cytotoxicity associated with delivery
of high doses of soluble copper salts, while significantly increasing the
fraction of synthesized elastin precursors that are incorporated into
the matrix. With these promising outcomes, research in the field is
now increasingly directed at addressing another key challenge, which
is being able to align elastic fibers into fiber bundles and orient these
bundles in preferred directions characteristic of targeted tissue types.
This is critical to create tissues demonstrating anisotropic mechanics
which uniquely influence behavior of contacting parenchymal cells
within the constructs via biomechanical transduction.

The role of scaffolds to promote alignment and direct 
orientation of elastic fibers 

Alignment of elastic fibers and their spatial orientation may be 
guided through culture of cells on scaffolds with appropriate surface 
topography and 3-dimensional (3-D) architecture. Scaffolds present 
cues and substrates for cell adherence, spreading, and proliferation, 
serve as a 3-D template for matrix deposition by seeded cells, and 
function as the primary load-bearing components of growing/maturing 
tissue constructs till this role is assumed by the generated matrix 
structures. Through the choice of a type of macromolecule (i.e. natural 
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or synthetic) and a processing technique, the resulting biomaterial can 
be customized to present the desired surface chemistry, topography, 
mechanics, and other cues that have been shown to influence cellular 
generation of tropoelastin and cell-mediated assembly and maturation 
of elastic fibers. 

Topographic features present on the scaffolds provide one of the 
most important clues to promote matrix alignment. A significant body 
of work indicates that most anchorage-dependant cells (e.g., SMCs, 
fibroblasts, and mesenchymal stem cells) attach, spread, and align along 
aligned surface features (e.g. microgrooves and electrospun fibers) of 
cellular dimensions, via contact guidance. Studies, such as that by Lee 
et al. [38] have shown that cells (e.g., ligament fibroblasts) oriented in 
such a manner also deposit matrix in the same direction, which is not 
achieved with cell culture on smooth tissue culture plastic [39]. Most 
literature in this area pertains to organization of aligned collagen fibers 
by cells. Although the exact role of the cell in alignment of collagen 
is not completely clear, the presence of cells does not appear to be 
required for self-assembly of collagen precursors after cleavage of the 
end pro-peptides [40]. Likewise, thermo-responsive self-assembly of 
elastin-like peptides has been demonstrated [41]. However, production 
of aligned collagen fibrils does require an additional input such as 
direct or indirect cell involvement. Canty et al. [42] have shown that 
plasma-membrane structures called fibripositors are co-aligned with 
collagen fibrils, and they proposed that these structures direct collagen 
fibril alignment. It is quite possible that cellular mechanisms also exist 
for alignment of elastic fibrils, although the role of the cells and contact 
guidance for these fibers is even less elucidated. 

In the case of elastic fibers, cells appear to play a role in enabling 
their alignment. Rossi et al. have shown that endothelial cells elongate 
along surface grooves and deposit fibrillin microfibrils that are aligned 
along the major axis of polarization of the cells [43]. Fibrillin is a 
glycoprotein that assembles to form macromolecules, which in self-
assembly experiments are typically not in the extended, oriented state 
that they are in intact tissue [44]. Baldock et al. have proposed that cells 
play a role in alignment, with the monomers associating with the amine 
and carboxyl groups present on the cell surface and then assembling to 
form microfibrils [45]. Interaction with the cell membrane may also 
play a role in the initial steps of tropoelastin aggregation, as Kozel et 
al. have shown.[46] However, the elastin globules that deposit on the 
glycoprotein microfibril scaffolds to ultimately form mature elastic 
fibers, do not exhibit preferred orientation, or alignment between 
themselves as do the microfibrils. In light of the benefits of copper ion 
releasing nanoparticles to enhancing elastin precursor crosslinking, 
as we discussed earlier, patterning these nanoparticles on scaffold 
surfaces could be a useful strategy to guide orientation and growth of 
newly-crosslinked elastin deposits and promote alignment of elastic 
fibrils. Overall, the presence of aligned topographic features on scaffold 
surfaces appears to be a reliable strategy to spatially orient and align the 
microfibrils, and thereby the elastic fibers that are assembled. 

Another strategy to direct matrix cell/matrix alignment is through 
patterning a surface with cell adhesion peptides. This technique has 
been used extensively to direct cell and collagen orientation, but its 
application to elastic fibers has been limited. However, Patel et al. 
[47] demonstrated in a recent publication that engineered synthetic 
peptides, containing cell adhesion and cross-linking domains found 
in natural elastin, induce ECM deposition and crosslinking. The 
cells generated tropoelastin precursors when they were cultured on 

the synthetic-peptide immobilized scaffold surfaces. This strategy to 
enhance elastic matrix deposition on synthetic scaffolds can potentially 
be used to direct elastic fiber alignment and spatial orientation as well, 
by bioprinting a template of nano-patterned synthetic elastin peptides 
on the scaffold surface. However, the major limitation of this technique 
may be scaling it up to 3-D, clinically implantable grafts.

Conclusion
There are clearly multiple challenges to engineering an elastic 

fiber-rich tissue constructs. With the long-standing challenge of 
increasing troproelastin synthesis by elastogenically deficient adult 
cell types having been addressed via multiple approaches, with some 
success, the focus now lies in tackling more critical issues which are 
poor recruitment and crosslinking of elastin precursors and the need to 
organize the matrix deposits into mechanically-compliant structures. 
While the biomaterial scaffold forms only one component of the 
cellular microenvironment, it provides one of the most potent cues to 
induce mature matrix production as well directing orientation of elastic 
matrix structures, another important challenge. Elastogenic benefits of 
hydrophilic and anionic surfaces as well as surfaces that prevent CS 
binding have been described in this editorial. In addition, while the 
scaffold/ cellular role in matrix alignment is still being elucidated, it is 
appears that aligned topographic features are currently the best method 
to direct alignment of cell-generated elastic matrix. While progress has 
been made, adopting new strategies such as aligned topographic cues, 
scaffold chemistries and specific cell-binding sequences, and surface-
presented/patterned biomolecules, or combinations of these strategies 
together with the use of other cell types (e.g. mesenchymal, embryonic, 
or induced pluripotent stem cells) that are potentially more elastogenic 
than are parenchymal cells from mature, adult tissues, will likely 
determine future progress towards overcoming the current challenges 
to biomimetic elastic matrix engineering.
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