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Abstract

The elastomeric proteins elastin and resilin have been used extensively in the fabrication of 

biomaterials for tissue engineering applications due to their unique mechanical and biological 

properties. Tropoelastin is the soluble monomer component of elastin. Tropoelastin and resilin are 

both highly elastic with high resilience, substantial extensibility, high durability and low energy 

loss, which makes them excellent candidates for the fabrication of elastic tissues that demand 

regular and repetitive movement like the skin, lung, blood vessels, muscles and vocal folds. 

Combinations of these proteins with silk fibroin further enhance their biomechanical and 

biological properties leading to a new class of protein alloy materials with versatile properties. In 

this review, the properties of tropoelastin- and resilin-based biomaterials with and without silk are 

described in concert with examples of their applications in tissue engineering.

Graphical abstract

Introduction

An elastomer is a rubber-like material with high resilience, extensibility and effective energy 

storage[1,2]. Elastomeric materials undergo large elastic deformations, and energy used for 

their deformation can be recovered after removal of the applied force [2]. There are multiple 

elastomeric proteins in nature including elastin, resilin, wheat gluten, abductin and 

flagelliform silk but of these elastin is the only mammalian elastomer. These materials have 
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been reviewed previously [1,3,4]. Pure elastin comprises assembled tropoelastin monomers. 

In this review we focus on tropoelastin and resilin as elastomeric proteins that have been 

extensively investigated for the fabrication of materials for tissue engineering applications. 

Tropoelastin-silk and resilin-silk composite materials are also reviewed as an emerging, 

versatile class of biomaterials with tunable mechanical and biological properties for 

engineering of multiple tissue types.

Tropoelastin

Tropoelastin is the soluble protein precursor of elastin. Elastin, a highly insoluble, durable 

and long lasting protein polymer, is responsible for the elasticity of different tissues in the 

body including, skin, blood vessels and lung [5-7]. Elastin's monomer tropoelastin is a 

biologically active molecule secreted by elastogenic cells after which it self-assembles and 

organizes in association with a fibrillin-rich microfibrillar structure to form elastin [8,9]. 

Synthetic elastin does not require the microfibrillar component to form as it is fabricated. 

Tropoelastin is composed of alternating hydrophobic and hydrophilic domains. At low 

temperatures tropoelastin is a soluble monomer. With increasing temperature, the 

hydrophobic domains interact such that the molecules begin to aggregate into a non-soluble 

viscoelastic phase termed a coacervate. The coacervate is an early step towards elastin fibre 

formation [6,7]. These coacervated tropoelastin molecules then align with each other. 

Covalent crosslinking of hydrophilic domains, particularly those rich in Lys and Ala ensues 

resulting in the formation of a stabilized mature elastic protein polymer network [6,8,10]. 

The rubber-like properties of elastin are due to repetitive modules such as VPGXG[3,11]. 

With a Young's modulus of ∼3 kPa, the tropoelastin molecule is significantly more elastic 

than other extracellular molecules[9,12]. Naturally cross-linked tropoelastin has a Young's 

modulus of 300-600 kPa [9]. Tropoelastin can be extended to 8 times of its resting length in 

a fully reversible process[12] due to the dynamic nature of the hydrophobic domains and the 

reversible organization of solvent molecules around these domains[13]. This interaction with 

water confers an entropic mechanism of elasticity, where stretching elastin decreases bulk 

entropy due to the increased organization of water around these domains; thus the maximum 

entropic level is restored when the protein recoils back to its original state [7,12]. The glass 

transition temperature (Tg) of elastin depends on its hydration. Dehydrated elastin has Tg of 

200°C whereas 30% hydration decreases Tg to 30°C[14].

Tropoelastin is produced by bacterial overexpression [15]. Recombinant tropoelastin is used 

to generate materials that restore the function of damaged or diseased elastic tissues. The 

fabrication of elastin-based biomaterials generally involves coacervation and crosslinking of 

the precursor molecule. For example, tropoelastin proceeds to gel-sol transition under 

alkaline conditions, where tropoelastin forms a stable hydrogel without the need for further 

chemical crosslinking[16]. There are multiple alternative paths to stabilize tropoelastin 

hydrogels including chemical, physical, pH-based, photochemical and enzymatic 

crosslinking, to ensure its stability, durability and utility as a biomaterial for tissue 

engineering. Tropoelastin assemblies have been used in the fabrication of a range of 

biomaterials in diverse forms and shapes including sponges, hydrogels, electrospun mats and 

tubes [17-24].
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Tropoelastin-based hydrogels can be prepared by chemical crosslinking using bis-

sulfosuccinimidyl suberate (BS3) and glutaraldehyde [18,25,26] that benefit from the 

availability of 35 juxtaposed lysine residues across the molecule. Physical crosslinking has 

been used to produce elastic hydrogels. For example, methacrylated tropoelastin is formed 

through photo-initiated cross-linking. Using this approach, a highly stretchable and porous 

hydrogel with a high extensibility of 400% and tensile modulus of 2.8±0.6-14.8±1.9 kPa is 

produced [19]. This method allows for the fabrication of a range of biomaterials with 

different pore size, swelling and mechanical performance based on tropoelastin 

concentration and degree of methacrylation [19]. Methacrylated tropoelastin has also been 

used to generate micropatterned elastin-based hydrogels suitable for engineering of tissues 

like cardiac tissues where elasticity and organization of cells plays a central role [27]. In 

contrast, the solubility of tropoelastin in organic solvents like hexafluoroisopropanol 

facilitates the development of 3-dimensional elastomeric biomaterials using electrospinning 

techniques. Electrospun elastic mats and tubes made of tropoelastin have been stabilized 

chemically by crosslinkers selected from hexamethylene diisocyanate [20-22], 

glutaraldehyde [18,23] and disuccinimidyl suberate [24].

These tropoelastin-based constructs not only provide mechanical integrity and elasticity to 

multiple tissue types but also confers biological interactions including cell binding and 

signalling cues [5,17]. They can recruit and support the growth of diverse attachment cell 

types including dermal fibroblasts[18], stem cells[28] and cardiomyocytes [27]. On this 

basis, tropoelastin-based constructs have been investigated for engineering of vascular 

grafts, wound dressing materials, skin replacement and stem cell delivery for wound healing 

[18,20-24]. Tropoelastin and elastin-based materials have been recognised as non-

thrombogenic and non-inflammatory biomaterials [29]. Bio-functionalization of metallic 

coronary stents with tropoelastin decreases thrombogenic responses to implanted stents [30].

Resilin and resilin-like polypeptides (RLPs)

Resilin, first described in locusts by Weis-Fogh, is present in the tissues of insects that 

require rapid elastic responses [3,31,32]. Thus resilin is important for insect jumping [33] 

and flight [32] and in organs that demand highly repetitive movement such as their 

specialized sound-producing organs. For this reason, resilin responds elastically at higher 

frequencies than elastin; in contrast, elastin typically operates around the heartbeat 

frequencies of mammals. The flexibility of resilin is due to the presence of repetitive amino 

acid sequences rich in proline and glycine. Natural resilin is cross-linked by the formation of 

di-and tri-tyrosine between tyrosine residues connecting resilin polypeptides [13,34,35].

Resilin is a highly elastomeric, rubber-like protein with high elasticity and resilience[13,31]. 

The cross-linked protein can be extended up to 3-4 times its size and can return to its 

original state [36]. Natural resilin has an elastic modulus of 600-2000 kPa [32,37,38]. Like 

elastin, resilin is brittle and stiff when dry but after hydration, it becomes soft and elastic. 

The elasticity of resilin is directly proportional to the level of hydration [39]. Resilin is 

stable when heated up to 125°C and can withstand vibrations with the frequency of 4 kHz 

[3,32,40]. It is insoluble in water and nonpolar solvents [32].
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The resilin precursor CG15920 in Drosophila melanogaster consists of a signal peptide 

sequence and three main exons[41]; after removal of the signal peptide, the pro-resilin is 

secreted to the extracellular space. Pro-resilin is uncross-linked and is composed of three 

main domains, N-terminal and C-terminal elastic domains encoded by exon 1 and exon 3 

respectively and the chitin-binding domain encoded by exon 2 [34,41,42]. Recombinant 

production of resilin regions in bacteria yields 15 to 450 mg of protein [34]. Proteins 

produced by exon 1 showed higher elasticity than those produced from exon 3 and better 

mimic the elastic properties of the natural resilin [42]. Rec1-resilin (N-terminal domain of 

resilin) encoded by exon 1 of D. melanogaster is a water-soluble protein that has been 

produced in Escherichia coli. This protein can be cross-linked by formation of di-tyrosine 

crosslinking either chemically (peroxidase) or physically (ruthenium-mediated photo-

crosslinking) resulting in stable elastomeric biomaterials. The cross-linked material is 

resilient and can be stretched up to 300% of its original length[13,39]. A photo-Fenton 

reaction is also used to crosslink the proteins produced by exon 1 or exon 3 of the CG15920 

gene, which results in a rubber like and highly adhesive materials [42].

In order to improve the biological properties of resilin, RLPs are produced by the addition of 

other sequences to the resilin consensus sequences. Charati et al. has reported RLP12, which 

contains 12 repeats of resilin consensus sequences from D. melanogaster, additional lysine 

residues outside the resilin repeat as crosslinking sites, the cell binding ligand RGDSP, 

heparin-binding domain and metalloproteinase sensitive domain to promote the proteolytic 

degradation [36,43,44]. Crosslinking of additional lysine residues in RLP12 by [tris 

(hydroxymethyl) phosphino] propionic acid via Mannich-type reaction results in hydrogels 

with elastic moduli of ∼ 15-60 kPa, an extensibility of 180%-335% and high-frequency 

responsiveness properties [36,43,45]. Renner et al. also have designed RLPs consists of 10 

repeats of resilin consensus sequences from Anopheles gambiae (mosquito) and RGD as a 

bioactive domain (RZ10-RGD) [46].

Resilin-based materials have potential in tissue engineering applications like cardiovascular 

tissues[47], cartilage[46] muscles[48] and vocal fold[45] however, their biocompatibility and 

frequency response requirements needs to be assessed due the demand of adapting this 

elastic protein to the biology and mechanics of mammalian tissues.

Composite biomaterials

Both resilin and elastin are highly resilient and extensible proteins but lack the mechanical 

strength and stiffness range required for engineering most tissues. In order to improve their 

mechanical properties, these proteins have been used in combination with other natural or 

synthetic polymers to produce materials with a range of different mechanical, physical and 

biological properties to match different tissues types. Blended tropoelastin materials have 

been reviewed recently [26]. Here we focus on tropoelastin/silk- and resilin/silk- based 

hybrid materials.

Silk fibroins are fibrous proteins synthesized by the arthropods silkworms and spiders. The 

long history of silkworm silk means it is available abundantly through adapted textile 

technologies [49]. Silk fibroin lacks the resilience of elastin and resilin and the cell 

interaction benefits of tropoelastin but has high strength. Aqueous solutions of silk stabilize 
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to an insoluble form by facilitated interactions between hydrophobic domains to form beta-

sheet crystals. Beta-sheet formation is induced by a variety of techniques including 

autoclaving, vortexing, gelation, water annealing, methanol, heat, low pH or sonication 

[49-52].

Protein alloys: Tropoelastin- and silk-blended biomaterials

Composite materials made of tropoelastin and silk offer a new generation of materials with 

desired elasticity and strength. Since both silk fibroin and tropoelastin are composed of 

alternating hydrophobic and hydrophilic domains, where silk is negative and tropoelastin is 

positive respectively, they interact with each other through electrostatic and hydrophobic-

hydrophilic interactions to form a novel family of stable protein alloys [52]. These strong 

interactions between the two types of protein chains, combined with physically induced 

beta-sheet crystallization, results in the formation of stable composite materials without the 

need for chemical crosslinking, and with properties that combine the benefits of each 

material [51-54]. In contrast, protein based materials like elastin and resilin typically require 

crosslinking through chemical, photochemical or enzyme for stabilization.

These protein alloys are primarily defined by their proportional blend of silk fibroin and 

tropoelastin, and so define a broad spectrum of materials with different mechanical, physical 

and biological properties [51-54]. Mechanical properties including stiffness and elasticity of 

produced materials are controlled by varying the ratio of the two proteins. The elastic 

moduli of these tropoelastin-silk protein alloys can be further tuned between 0.54±0.09 to 

68.5±4.3 MPa by their protein content and the choice of crosslinking method [50,52]. These 

hybrid biomaterials can be made into multiple shapes and produced with controllable 

surface roughness [50,53]. The net charge of the protein alloy materials is also tuned by 

varying the proportion of the constituent proteins, which is important in controlling neural 

cell responses [51,52].

Composite materials with higher silk content offer materials with low surface roughness and 

high stiffness. These materials have been shown to induce the myogenic differentiation of 

C2C12 muscle cells. The osteogenic differentiation of human bone marrow stem cells is 

enhanced with a higher tropoelastin content and high surface roughness [50]. Increasing the 

tropoelastin content in tropoelastin-silk protein alloy films improves neural cell growth and 

neurite extension [51]; in contrast, pure silk and tropoelastin biomaterials do not support the 

attachment and growth of neural cells indicating the value in adjusting charge density of 

these materials in obtaining functional neurons [51,52,54]. These constructs offer 

considerable promise in protein-based promotion of neuronal performance, as evidenced by 

protein alloy films that show at least a doubling in neurite extension over poly-D-lysine as 

the in vitro standard for neuron growth [51,54]. Combined materials also support the growth 

of two main corneal cell types, epithelial and endothelial cells (B. Aghaei and A. S. Weiss, 

unpublished data). This family of protein alloys defines a new generation of biologically 

compatible materials with controllable mechanical, electrical and chemical properties 

[52,55].
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Resilin/silk-based biomaterials

The construction and use of resilin-silk composite materials is a nascent field. Recently, 

Whittaker et al. developed a photocrosslinkable hydrogel composed of Rec1-resilin and 

regenerated silk fibroin [56,57]. This combination of Rec1 with high elasticity and water 

uptake with silk with high strength provides an opportunity to design materials with a range 

of properties that could emulate tropoelastin-silk successes but with an entirely arthropod-

protein based solution. The incorporation of silk increases the storage modulus (E′) of these 

material from 0.002 MPa in a Rec1 hydrogel to ∼ 6.56 MPa in composite hydrogel [39,56]. 

There are indications that Rec1-silk materials may have potential applications in 

intervertebral disc regeneration due to their high water content and mechanical strength [56].

Conclusions

The elastomeric proteins tropoelastin and resilin have unique elastic properties. They are 

found in different tissues in mammals and insects respectively where high elasticity and 

repetitive movements are required, but with different frequency requirements. Tropoelastin-

based materials benefit from cell attachment interactions and have been used to fabricate 

skin replacements, wound healing materials and blood vessels, while resilin-based materials 

have been investigated for the mechanical regeneration of cardiovascular tissues, muscles 

and vocal folds. Combinations of tropoelastin with silk fibroin has lead to a new class of 

protein alloy biomaterials with tunable mechanical and biological properties. Resilin 

combinations with silk are less explored. These protein alloys define a new class of 

biomaterials with adjustable mechanical, cell interactive, electrical and repair performance 

to match specific tissue needs.
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Highlights

• Elastin and resilin are highly elastic proteins containing both mechanically and 

biologically active properties

• Tropoelastin is assembled to make elastin. Tropoelastin- and resilin-based 

materials offer remarkable physical, mechanical and biological properties for 

tissue engineering applications

• Combinations of these elastic proteins with silk generate a new class of 

biomaterials with tunable mechanical and biological properties
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