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a b s t r a c t

Tissue scaffolds play a vital role in tissue engineering by providing a native tissue-mimicking environ-
ment for cells, with the aim to promote cell proliferation, proper cell differentiation, and regeneration. To
better mimic the microenvironment of native tissues, novel techniques and materials have emerged in
recent years. Among them, hydrogels formed from self-assembled biopolymer networks are particularly
interesting. This paper reviews the fabrication and use of fibrous protein-based hydrogels, with an
emphasis on silk, keratin elastin and resilin proteins. Hydrogels formed by these proteins show close
structural, chemical and mechanical similarities with the extracellular matrix, typically good biological
compatibility, and they can trigger specific cellular responses. In addition, these hydrogels can be
degraded in the body by proteolytic enzymes. For these reasons, fibrous protein hydrogels are one of the
most versatile materials for tissue engineering.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Tissue engineering aims to restore or regenerate damaged tis-
sue by combining cells derived from a patient biopsy with engi-
neered biomaterial scaffolds that provide a temporary
extracellular matrix for the cells to attach and to proliferate [1]. At
the same time, these scaffoldsmay also serve as carriers for growth
factors, other enzymes, or drugs [1e3]. Two main strategies for
combining cells with biomaterial scaffolds can be distinguished:
cells are either seeded onto prefabricated porous scaffolds, or cells
are encapsulated during scaffold formation [4,5] (Fig. 1). In both
cases, tissue engineering aims to replicate the anatomical struc-
ture and function of the specific tissue or organ to be replaced or
repaired [6]. To do so, different types of materials have been
develop or used, including foam structures, microsphere scaffold,
hydrogels, fibrous structures, and polymer-bioceramic composite
scaffold.

In recent years, fibrous protein-based hydrogels have become
popular [7,8] due to their structural and mechanical similarity with
the native extracellular matrix (ECM) and their relatively simple
processability under mild, cell-compatible conditions [9]. These
hydrogels consist of networks of hydrophilic biopolymers that have
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the ability to bind large quantities of water, which together with
osmotic forces prevents the network from collapsing [10]. The 3-
dimensional structure of the biopolymer networks is stabilized
either by chemical crosslinking (covalent and ionic) or physical
crosslinking (entanglements, crystallites, and hydrogen bonds).
Hydrogels are attractive as a cell matrix and as connective tissue
substitutes due to their ability to form mechanically stable, porous,
hydrated 3D polymer networks [11e13] that facilitate the transport
of nutrients and metabolic waste products [10,14e18]. Moreover,
hydrogels can be formed in vivo and are therefore compatible with
minimally invasive surgery methods: a liquid precursor solution
together with suspended cells can be injected at the site of interest,
and the polymerization process leading to the hydrogel formation
takes place in the body [10,18e22].

Nature offers an abundance of structural building blocks for
hydrogel fabrication that can be derived from mechanically stable
protein biopolymers: silk fibroin from spider webs; collagen from
skin, bone and tendons; keratin from wool or hair; elastin from
elastic tissues; fibrin from blood clots; resilin from insect tendons.
Each of these biological materials shows unique properties un-
matched by known technical materials.

The present paper will give an overview of the basic fabrication
principles and properties of biopolymer-based hydrogels for tissue
engineering. In particular silk fibroin, keratin, elastin and resilin
will be explored in detail. However, we will not discuss collagen
and fibrin here as several excellent reviews are already available
[9,23e34].
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Fig. 1. Hydrogels and tissue engineering. Schematic diagram of the use of hydrogels in microencapsulation (A) and in tissue-engineering scaffold (B).
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2. Biopolymer-gels based on fibrous proteins: general
considerations

A wide range of natural materials can form non-cytotoxic
polymeric hydrogels [21,35]. These natural polymers can be clas-
sified into proteins (i.e., silk, collagen, gelatin, fibrinogen, elastin,
keratin, actin, andmyosin), polysaccharides (i.e., cellulose, amylose,
dextran, chitin, and glycosaminoglycan’s), or polynucleotides (i.e.,
DNA, RNA) [36]. In particular protein-based hydrogels can mimic
features of the extracellular matrix and thus have the potential to
promote the migration, growth and organization of cells during
tissue regeneration and wound healing. Protein-based hydrogels
are therefore also often suitable materials for cell encapsulation
[37e39].

Fibrous proteins, such as collagens, elastins, silks, and keratins
are characterized by highly repetitive amino acid sequences that
give these proteins unique mechanical and architectural properties.
These repetitive amino acid sequences result in the formation of
Table 1
Protein-based hydrogels and applications.

Protein Tissue engineering application Encapsulated/seeded cell

Silk fibroin (SF) Bone regeneration Osteoblasts (MG63)
Bone/cartilage Human bone marrow der
Bone regeneration e

Bone regeneration Human peripheral blood
Keratin Wound healing/tissue regeneration Microvascular endothelia

Regeneration of peripheral nerves Schwann cells

Soft tissue regeneration L929 murine fibroblasts
Regeneration of sciatic nerve injury Schwann cells
Wound healing/tissue regeneration L929 murine fibroblasts a

smooth muscle cells
Parkinson’s disease Hepatocytes neurosphere

Elastin Elastic tissue M1 murine epithelial cell
fibrosarcoma cells

Vascular tissue Porcine vascular smooth
Cartilage NIH-3T3 fibroblasts
Topical/dermal application Human skin fibroblasts

Resilin Vocal cord NHT-3T3 fibroblast
Cartilage Human mesenchymal ste
Cartilage Primary human mesench

from bone marrow
Cardiovascular tissue Human aortic adventitial
relatively homogeneous secondary structures (e.g. b-pleated
sheets, coiled coils, or triple helices), which in turn promote the
spontaneous polymerization of protein monomers that self-
assemble into structurally interesting hierarchical materials [40].
Furthermore, fibrous proteins are attractive materials for designing
bioactive scaffolds, because cells can recognize and bind to specific
sites within proteins, as well as secrete enzymes that may degrade
specific amino acid sequences [41]. Table 1 summarizes the use of
protein-based hydrogel materials for tissue engineering applica-
tions and as cell culture scaffolds.

3. Silk fibroin

Silks are naturally occurring protein polymers that can be found
in awide diversity of insects and spiders. Themost widely used and
characterized silks are from the domesticated silkworm (Bombyx
mori) and from some spiders (Nephila clavipes and Araneus dia-
dematus) [42,43]. Silk proteins are usually produced within
types Animal model References

Rabbit distal femurs [89,93]
ived mesenchymal cells e [91,92]

Rabbits with 6 maxillary sinuses [94]
mononuclear cells e [95,96]
l cells and keratinocytes Rats with wounded on either

side of the dorsal midline
[154,155]

Mice and rats with peripheral nerve
injury or critical size nerve defect

[156,158]

e [160]
Rats with sciatic nerve injury [159]

nd vascular e [261]

s forming cells [163]
s and human Guinea pigs [207]

muscle cells e [216]
e [219]
SpragueeDawley rats [220]
e [255]

m cells e [257]
ymal cells e [258]

fibroblasts e [259]
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specialized glands in these animals after biosynthesis in epithelial
cells that line the glands, followed by secretion into the lumen of
the gland prior to spinning into fibers [44e46]. Spider silk is
lightweight, extremely strong and elastic, and exhibits mechanical
properties comparable to the best synthetic fibers produced by
modern technology [47,48]. Spider silk is spun near ambient tem-
peratures and pressures using water as the solvent, which makes
them also environmentally safe and non-cytotoxic [48]. However, it
is not possible to maintain domesticated spiders to produce
economically meaningful amounts of silk with standardized
properties. Therefore, the attention has been turned to silk fibroin
from the silkworm B. mori, which has been used commercially as
biomedical sutures for decades and in textile production for cen-
turies [49].

The protein from B. mori is characterized by two main protein
components, sericins, the water-soluble glue-like proteins that
bind the fibroin fibers together, and fibroin, the structural protein of
silk fibers that is normally used to produce biomaterials. Fibroin is
typically a dimer composed of a light chain (z26 kDa) and a heavy
chain (z390 kDa), which are present in a 1:1 ratio and are linked
by a single disulfide bond [50]. In a silk fiber, the fibroins are coated
with a family of hydrophilic sericins (20e310 kDa) that account for
25% of the silk cocoons mass [50e52]. Sericins consist mainly of
glycine (44%), alanine (29%) and serine (11%) [53].

The crystalline domains of silk fibroin contains glycine-X re-
peats, with X being alanine, serine, threonine and valine [54]. The
protein conformation of silk fibroin in the solid state can assume
two polymorphs, the glandular state prior to crystallization/spin-
ning (silk I), and the spin silk state with a b-sheet secondary
structure (silk II) [55,56]. The silk I structure is water soluble and,
upon exposure to heat, organic solvents, or physical treatments, can
be easily converted to silk II structure, which is water insoluble but
can be dissolved by several chaotropes [57,58]. When the methyl
groups and the hydrogen groups from the opposing b-sheets are
interacting, they form anti-parallel b-sheet stacks (silk II). Strong
hydrogen bonds (inter- and intra-chain) and van der Waals in-
teractions generate a structure that is thermodynamically stable
(Fig. 2) [50,59,60]. Such structural changes of the fibroin from a
disordered state in solution to a b-sheet-rich conformation has
been confirmed by FTIR and circular dichroism measurements over
a range of fibroin concentrations, temperatures, and pH values [61].
Fig. 2. Silk amino acid repeat units that self-assemble into an anti-parallel b-sheet struct
Chemistry.
Fibroin has been widely used to produce materials for medical
applications. Typically, the fibroin is extracted from the silkworm
cocoon by removal of the sericin [62] and is then purified. There are
severalmethods to extract and purify silk fibroin protein. One of the
most widely used procedures for the removal of sericin (“degum-
ming”) is sodium carbonate boiling and/or autoclaving. The fibroin
is then extracted from the degummed silk by dissolving it in a
concentrated solution of lithium bromide [63e71] or sometimes in
a ternary solvent system of calcium chloride/ethanol/water [72e
78]. After evaporation of the solvent, the fibroin can be further
purified by dissolving in 1,1,1,3,3,3-hexafluoro-2-propanol [75,79e
81] and formic acid [53,73,74,82]. The relative ease with which
silk proteins can be processed in water or various solvents to form
gels, fibers or sponges with different chemical functionalization,
together with the excellent biocompatibility, enzymatic degrad-
ability and mechanical resilience, makes these proteins interesting
candidates for many biomedical applications [83,84].

Hydrogels can be formed from reconstituted silk fibroin (SF)
solution by a solegel transition in the presence of acid, ions, or
other additives [85e90]. Other factors such as temperature, SF
concentration, and pH significantly affect the gelation process.
Generally, gelation time decreases with an increase in SF concen-
tration, temperature, and concentration of additives like Ca2þ,
glycerol and poly(ethylene oxide), or with a decrease in pH [87,88].
The pore size of the hydrogel decreases, and the mechanical
strength and stiffness increases, with higher SF concentration or
gelation temperature [87].

To better control SF gelation, high energy ultrasonication has
been used [91]. Depending on the sonication parameters, including
power output and time, along with silk fibroin concentration,
gelation time can be controlled fromminutes to hours, allowing for
the post-sonication addition of cells prior to the final gelation. For
example, human bone marrow derived mesenchymal stem cells
(hMSCs) have been mixed into 4% SF solutions after sonication,
followed by rapid gelation. Subsequently, the cells proliferated in
the gels over 21 days [91].

Ultrasonication has been shown to initiate the formation of b-
sheets by altering the hydrophobic hydration, thus accelerating the
formation of physical crosslinks for better gel stabilization. By
contrast, vortexing SF hydrogels slows down the gelation kinetics
from minutes to hours. Vortexing low-viscosity silk solutions lead
ure. Reprinted from ref. [60]; Copyright 2010, with permission from Royal Society of



Fig. 3. Structure of the a-keratin fiber.
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to an orders-of-magnitude increase in the complex shear modulus,
G*, and the formation of rigid hydrogels (G*z70 kPa for 5.2 wt%
protein concentration). Changing the vortex time, assembly tem-
perature and/or protein concentration thus gives great flexibility to
optimize the timeframe for cell encapsulation [92]. In addition, the
stiffness of preformed hydrogels recovered quickly following in-
jection through a needle, allowing these hydrogels to be used for
injectable cell delivery scaffolds.

SF hydrogels have been tested for their potential to promote
tissue repair [89]. For example, the repair of confined, critical-sized
cancelous bone defects has been demonstrated in a rabbit model
using SF hydrogels obtained by treating a fibroin-water solution
with glycerol (Glygel), or keeping the solution at 4 �C (Thermgel).
The data showed that the Glycel substrate promoted osteoblast
proliferation, whereas the Thermgel substrate mainly favored
osteoblast activity and differentiation [89].

An osteoblast cell line (MG63) cultured in vitro in an injectable
SF hydrogel matrix showed increased TGF b1 production, a cytokine
that controls cell proliferation and differentiation [93]. The same
injectable SF hydrogel matrix was also studied in vivo in a rabbit
femur model and was shown to promote the healing of critical size
defects of the trabecular bone through enhanced bone remodeling
and maturation [93].

In order to further enhance the osteogenic features of
sonication-induced SF hydrogels, vascular endothelial growth fac-
tor (VEGF165) and bone morphogenic protein-2 (BMP-2) have been
added, which are key regulators of angiogenesis and osteogenesis
during bone regeneration [94]. Such functionalized gels were
shown to promote bone regeneration and height maintenance in a
rabbit sinus floor elevation model [94].

In another in vitro study, injectable scaffolds were prepared by
lyophilizing hydrogels obtained from a 12% (w/v) SF aqueous so-
lution at 4 �C (thermgel). The cytocompatibility of the hydrogel was
confirmed by good adhesion, survival and proliferation of a 3D
culture of humanperipheral bloodmononuclear cells (hMNCs) over
a time course of 3 weeks [95].

A cytocompatible method for in situ human hMSC encapsulation
in charged or neutral SF-based hydrogels has recently been re-
ported. Silk aqueous solutions were mixed with silk-poly-L-lysine
or silk-poly-L-glutamate, and hydrogels formation was controlled
by ultrasonication [96]. Interestingly, silk ionomers exhibited
different effects on stem cells differentiation: fibroin/poly-L-lysine
hydrogels enhanced osteogenesis of hMSCs, inducing differentia-
tion towards an osteogenic lineage even in the absence of osteo-
genic induction supplements, while also inhibiting adipogenesis.
By contrast, fibroin/poly-L-glutamate hydrogels supported the
osteogenic and adipogenic differentiation of hMSCs only when the
cells were cultured in the presence of the respective induction
supplements [96].

Another interesting approach for bone tissue engineering is the
mineralization of fibroin-derived polypeptides (FDPs) [97]. FDPs
can be obtained through the chymotryptic separation of the hy-
drophobic crystalline (Cp) fractions and the hydrophilic electro-
negative amorphous (Cs) fractions of fibroin [97]. Mineralization of
SF can be achieved by immersion in simulated body fluid (SBF) and
is dictated exclusively by the electronegative amino-acidic se-
quences of the Cs fractions. Cs fractions of fibroin up to 10 wt% have
also been incorporated into dense collagen gels, and within 6 h of
SBF treatment, apatite was formed in these collagen-Cs hybrid gels.
After 7 days of SBF treatment, carbonated hydroxyapatite crystals
formed, resulting in a nine-fold increase in the compressive
modulus of the hydrogel [97].

Among genetically engineered biomaterials, the family of silk-
elastin like protein polymers (SELPs) [98] is particularly prom-
ising. By combining the silk-like and elastin-like blocks in various
ratios and sequences, it is possible to produce a variety of bio-
materials with diverse properties. Structurally, SELPs consist of
repeats of silk-like (GlyeAlaeGlyeAlaeGlyeSer) and elastin-like
(GlyeValeGlyeValePro) peptide blocks, and with the appropriate
sequence and composition, they undergo an irreversible solegel
transition, which is accelerated at body temperature compared to
room temperature [99e103]. The formation of hydrogen bonds
between the silk-like blocks is thought to be the primary driving
force behind gelation of SELPs that serve as points of contact
(crosslinks) between the polymer chains. By contrast, the periodic
inclusion of elastin-like blocks increases the flexibility and water
solubility of the polymer. The polymeric solutions are liquid at
room temperature and form a firm yet pliable hydrogel in situ
within minutes after injection. Genetic SELP hydrogels have been
explored for the controlled release of non-viral and viral genes for
cancer gene therapy in a murine model of tumor breast cancer
[104].

Reconstituted silk fibroin can also be blended with other bio-
polymers [105] like gelatin [106e108], chitosan [85,109,110], algi-
nate [111,112] hyaluronic acid [113,114] and cellulose [115], to form
hydrogels with a large range of material properties for specific
tissue engineering applications.

4. Keratins

Keratins are the main constituents of skin, fur, hair, wool, claws,
nails, hooves, horns, scales, beaks and feathers [116]. To generate
hair, keratin proteins self-assemble into fibers in the hair follicle.
Keratin production is controlled by more than 30 growth factors
and cytokines [117e121]. Prior to extrusion through the skin, the
keratin fiber is formed into a highly stable structure by covalent
bonds, oxygen-catalyzed disulfide crosslinks, and non-covalent
interactions. Crosslinking can occur between separate poly-
peptide chains (intermolecular) but also between different points
of the same polypeptide chain (intramolecular) [122,123].

Generally, keratin fibers consist of two major morphological
parts: a cortex (the inner part of the fiber) and the cuticle outer
layer. The cortex comprises spindle-shaped fibrils that are sepa-
rated from each other by a membrane (Fig. 3), which consists of
non-keratinous proteins and lipids [124e126].

The cuticle layer comprise 10% of the total weight and is
composed of overlapping, nearly rectangular scales, or sheets, that
protect the cortex [124,125]. They are composed of three distinct
layers: the epicuticle, which is the outer resistant surface
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membrane; the exocuticle, which is subdivided into two main
layers that differ in their cysteine content; and the endocuticle,
which is the cuticular layer nearest to the cortex [122] (Fig. 3).

Keratins can be subdivided into a, b and g-keratins. a-keratins
are intermediate filaments that are located mainly in the fiber
cortex. They constitute approximately 50 wt% of the total protein
of a fiber, have an average molecular mass in the range of 40e
60 kDa, are low in sulfur, partly crystalline, and form an a-helical
secondary structure [122]. a-keratins self-assemble into long
filamentous fibers that can be stretched considerably without
rupturing [127].

g-keratins form the matrix in between the a-keratin filaments.
They constitute approximately 25 wt% of the total protein of a fiber,
have a lowmolecular mass of around 15 kDa, they are globular and
are noted for their high content in cysteine, glycine and tyrosine
residues. g-keratins function primarily as disulfide crosslinkers that
hold the a-keratin fibers together and give rise to the high me-
chanical strength, inertness and rigidity of the cortical super-
structure of hair and wool [126]. g-keratins can be further
subdivided into 3 groups: (i) high sulfur proteins (HSPs) and (ii)
ultra-high sulfur proteins (UHSPs), depending on their cysteine
content, have a molecular mass in the range of 11e26 kDa, whereas
(iii) high glycineetyrosine proteins (HGTPs) have a molecular mass
in the range of 6e9 kDa [128e130].

Finally, b-keratins are found in the cuticle. They protect the
cortical filaments from physical and chemical damage and are
difficult to extract [131].

Over the last years, several methods to extract keratins have
been reported. Oxidative [132,133] and reductive [134e136] sol-
vents have been used to break the disulfide crosslinks between the
cysteines, which converts the keratins into their non-crosslinked
form [137]. The protein mixture obtained with oxidative solvents,
which convert the cysteines to cysteic acid, are referred to as ker-
atose, whereas the protein mixture obtained with reductive sol-
vents, which leave the cysteines intact and thus ready to form new
crossbridges, are referred to as kerateines.

The keratose obtained from oxidative extraction [132,133] with
peracetic acid or hydrogen peroxide is hygroscopic, water-soluble,
non-disulfide crosslinkable, and at extreme pH values is suscepti-
ble to hydrolytic degradation [138]. Biomaterials generated with
keratose degrade relatively fast in vivo, on the order of days to
weeks [138]. Conversely, biomaterials generated with kerateines
from a reductive extraction procedure can persist in vivo for weeks
to months. This is because the kerateines can be re-crosslinked
through oxidative coupling of cysteine groups, and as a conse-
quence are less soluble inwater andmore stable at extreme pH. The
reductive extraction [134e136] is usually performed with dithio-
threitol (DTT), 2-mercaptoethanol [139], or with sodium disulfite
[140e142].

One of the most extensively studied properties of keratin solu-
tions, both at the microscale [143,144] and the macroscale [145], is
the ability to spontaneously self-assemble, resulting in a 3-
dimensional fiber network with a reproducible fiber architecture
and porosity [137]. In addition, keratin, in particular acidic a-ker-
atin, contains cell-binding motifs, such as arginine-glycine-aspartic
acid (RGD) and leucine-aspartic acid-valine (LDV). These motives
are similar to those found on ECM proteins such as collagen or
fibronectin, and also interact with integrins to support cellular
attachment, proliferation and migration [146e150]. Like other in-
termediate filaments, keratins are also believed to participate in
some regulatory functions that mediate cellular behavior. In the
case of malignant melanoma and breast carcinoma, for instance,
there is a strong indication that intracellular vimentin and keratin
intermediate filaments are overexpressed, but it is currently un-
known if a keratin extracellular matrix also converse specific
regulatory signals e.g. for epithelial to mesenchymal transition
[151,152].

Keratin-based biomaterials come in different morphologies,
including films, sponges and hydrogels. The processing of keratin
protein solutions into gels, films and scaffolds has first been
attempted in the early 1970’s [153]. The use of human hair-based
keratin hydrogels as wound healing promoters was patented by
Blanchard and co-workers in 1999 [154]. To produce such hydro-
gels, the hair is first oxidized with peracetic acid. To cleave part of
the disulfide linkages, the protein suspension is heated to about
60 �C for 4 h and then cooled to room temperature, where the
cleaved disulfide linkages are reduced to form cysteine groups,
which solubilizes the protein even further. Therefore, a hydrogel of
pure keratin can be formed by disulfide and hydrogen bonds alone,
with no need of additional crosslinker agents. The authors reported
that keratin hydrogels promoted the proliferation of microvascular
endothelial cells, keratinocytes and fibroblasts [154]. In an in vivo
skin wound healing assay in rats, keratin treatment accelerated the
epithelialization and maturation process [154]. Since then, much
work has been done to fabricate and characterize keratin-based
hydrogels materials and to demonstrate their cytocompatibility
and biodegradation.

Sierpinski et al. [155] and Apel et al. [156] demonstrated that
keratin-based hydrogels were neuroinductive and capable of
facilitating regeneration in a peripheral nerve injury model in mice.
They showed that a keratin gel derived from human hair enhanced
the in vitro activity of Schwann cells by inducing cell proliferation
and migration, and by up-regulating the expression of specific
genes required for important neuronal functions. When translated
into a mouse tibial nerve injury model, keratin gel-filled conduits
served as a neuroinductive provisional matrix that mediated axon
regeneration and improved functional recovery compared to
traditional nerve autografts [155]. In another study, the time course
of peripheral nerve regeneration was evaluated with respect to
neuromuscular recovery and nerve histomorphometry [156].
Again, keratin-based hydrogel scaffolds facilitated peripheral nerve
regeneration and promoted neuromuscular recovery that was
equivalent to the gold standard, sensory nerve autografts [156]. The
same group has also shown that keratin hydrogels from human hair
can act as a hemostatic agent in a rabbit model of lethal liver injury
[157]. In comparison to other commonly used hemostats (QuickClot
and HemCon bandages), the keratin hemostatic gel improved 24 h
survival and performed as well, if not better, than conventional
hemostats in terms of total blood loss and shock index. The keratin
gel used in these experiments acted on the injury site by instigating
thrombus formation and by forming a physical seal of the wound
site that acted as a porous scaffold to allow cellular infiltration and
granulose tissue formation [157]. Later, to support the finding that
keratin hydrogel fillers have the potential to be used clinically to
improve nerve repair, the authors developed a rabbit peripheral
nerve defect model and assessed the effectiveness of a keratin
hydrogel conduit filler [158]. They found that the use of keratin
resulted in a significant improvement of electrical conduction
speed compared to both empty conduits and autografts, as well as a
significant improvement in amplitude recovery compared to empty
conduits. Furthermore, nerves in keratin-treated conduits had a
significantly greater myelin thickness than nerves in empty con-
duits. More recently, Van Dyke and co-workers [159] showed that
keratin hydrogels provide a permissive matrix that is well tolerated
and rapidly infiltrated by cells of the peripheral nervous system. In
a 1 cm sciatic nerve injury model in rats at an early stage of
regeneration, they studied conduits filled with keratin hydrogels
and compared the cell responses to those in conduits filled with
Matrigel or saline solution. Keratin hydrogels facilitated earlier
migration of dedifferentiated Schwann cells from the proximal
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nerve end, a faster Schwann cells differentiation, better myelin
debris clearance, and decreased macrophage infiltration of the
distal nerve tissue [159].

Ng and co-workers [160] showed that keratins extracted from
human hair can form hydrogels by inducing polymerization with
Ca2þ; these hydrogels exhibit highly branched and porous micro-
architectures. Moreover, such keratin hydrogels are comparable
to collagen hydrogels as regards fibroblast cell adhesion, prolifer-
ation and cell viability [160].

Cardamone et al. [161] performed a study involving keratin
sponge/hydrogel formation from reduction versus oxidation hy-
drolysis of wool, and they found that the produced materials were
distinctly different in appearance and behavior. Those formed by
reduction hydrolysis appeared smooth and homogeneous. Those
formed by oxidation hydrolysis appeared rough and inhomoge-
neous. Regardless of oxidation or reduction hydrolysis, keratin
sponge/hydrogels showed swelling in a simulated gastric fluid but
maintained their structural integrity over time. This behavior can
be exploited for drug release with a dual-control kinetics for
delivering higher dosages immediately after immersion, and lower
dosages over prolonged time periods [162].

The use of keratin fragments in combination with other bio-
polymers has been reported by Iwata and co-workers [163]. The
poor survival of neural stem/progenitor cells following trans-
plantation into the brain is the major problem limiting the effect of
cell-based therapies for Parkinson’s disease. In this study, the au-
thors proposed the use of a keratin-based hydrogel that can serve
as a physical barrier to prevent the infiltration of inflammatory
cells. These keratin-based hydrogels contain a polypeptide that
promotes integrin-mediated cell adhesion. For that, they used a
chimeric protein consisting of an R-helical polypeptide and a
globular domain derived from recombinant laminin. This protein
co-assembled with extracted keratins to form hydrogels through
intermolecular coiled-coil association of R-helical segments [163].
It was found that neurosphere-forming cells adhered specifically to
the keratin-based hydrogel and proliferated with a high survival
rate, suggesting that this material provides a microenvironment
suitable for the survival and proliferation of neural progenitor cells
[163].

5. Elastin

Elastin is a protein component of the ECM and is abundant in
organs that need to stretch and recoil, like blood vessels, elastic
ligaments, lungs and skin [164e166]. Its total amount varies be-
tween different tissues, depending on the tissue structure and the
required elastic properties [167]. For example, elastin in the elastic
Fig. 4. Specific elastin intermolecular crosslinks include the tetrafunctional desmosine and i
Reprinted from ref. [177]; Copyright 2007, with permission from Elsevier.
lamina of the arterial wall is mostly responsible for the elastic recoil
after vessel expansion, and is therefore important for the regulation
of blood flow and maintenance of blood pressure during the dias-
tole [168]. In the lung, elastin is arranged as a lattice that supports
the shape stability of the alveoli during tidal breathing [169]. In
skin, elastin fibers are enriched in the dermis where they impart
skin flexibility and extensibility [164,170].

Elastin is a protein comprised of approximately 800 amino acid
residues [171,172]. It is synthesized from a z72 kDa precursor,
tropoelastin, that is water soluble, non-glycosylated and highly
hydrophobic. Tropoelastin can be further converted into the
insoluble elastin polymer [173e175]. The amino acid sequence of
tropoelastins from various sources (human, chick, bovine and rat)
has been determined, and all were found to have a close homology
at both DNA and amino acid levels [176]. The tropoelastin molecule
consists of two types of domains encoded by separate exons: hy-
drophobic domains rich in nonpolar amino acids (glycine, valine,
alanine and proline residues, which often occur in repeats of tetra-,
penta-, and hexapeptides, like GlyeValeGlyeValePro, GlyeVale
ProeGlyeVal and GlyeValeGlyeValeAlaePro), and hydrophilic
domains (mainly lysine and alanine residues, which are potential
involved in crosslinking domains of tropoelastin). Desmosine and
isodesmosine are the two predominant crosslinks of native elastin,
each involving four lysine residues, that are crosslinked by lysyl
oxidase (Fig. 4) [177].

The assembly of tropoelastin into a polymeric matrix is facili-
tated by the elastin binding protein EBP (67 kDa) that assembles
tropoelastin into a microfibrillar network seed, which serves as a
scaffold for additional tropoelastin deposition [178e181]. The
lysine residues are then crosslinked by lysyl oxidase and stabilize
the mature insoluble fiber [167]. In the absence of lysyl oxidase,
tropoelastin tends to associate with glycosaminoglycan (GAG, with
negative charge) due to the presence of a-amino groups in the
elastin lysine residues, which have a positive charge [182e184].

A number of biophysical properties are crucial for the
biochemical/physiological role of elastin in the body, such as elas-
ticity [185e187], glass transition temperature [188] and coacerva-
tion [176]. The elasticity of elastin is entropy-driven, thus stretching
decreases the entropy of the system. Elastic recoil is induced by
spontaneous return to the maximum level of entropy [189e191].
The glass transition temperature (Tg) of elastin is highly dependent
on its water content [192,193]. When dehydrated, Tg is about
200 �C, and at 30% of hydration, Tg is around 30 �C [194]. Upon
raising the temperature above Tg, elastin and elastin-based mate-
rials, unlike other proteins that become denatured, form ordered
structures and undergo a second phase transition (coacervation,
droplet formation). It has been suggested that the nonpolar
sodesmosine formed from four Lys residues from two different tropoelastin molecules.
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domains of elastin are responsible for the coacervation process
through an entropic mechanism of hydrophobic association due to
the loss of entropy from the protein chains that is compensated by
the release of water [195,196]. Thus, the coacervation temperature
can be affected by protein concentration, hydrophobicity (amino
acid composition and distribution), pH and ionic strength of the
solvent [195,197e199]. Elastin-based polymers lacking hydropho-
bic domains, e.g. those based on crosslinking domains, cannot
coacervate [200,201]. It was reported that synthetic peptides based
on hydrophobic sequences of elastin form fibrillar structures
following coacervation [202]. Similarly, tropoelastin forms an open,
string-like network of fibrils upon coacervation [203]. After over-
night incubation above the coacervation temperature, the loose
network becomes a compact aligned fibrilar structure [203].

The use of elastin in biomaterials is particularly advantageous
when its superior elasticity can be exploited. To fabricate elastin-
based biomaterials, the insoluble elastin from animal tissue must
first be hydrolyzed to obtain a soluble elastin protein. Soluble
elastin can be obtained by hydrolysis of insoluble elastin using
oxalic acid or potassium hydroxide to break the peptide bonds
[177,204]. Alternatively, repeated elastin-like sequences can be
produced by synthetic or recombinant methods to obtain elastin-
like polypeptides (ELPs). This gives a better control over the phys-
ical and chemical properties of the resulting material. For instance,
Urry [205] showed that the glass transition temperature of poly-
mers based on the elastin-like sequence (ValeProeGlyeXaaeGly)n
can be manipulated by the choice of the amino acid Xaa. More hy-
drophobic amino acids resulted in a lower glass transition tem-
perature [205]. Depending on the phase transition temperature and
the self-assembly behavior of elastin and ELPs, vastly different
biomaterials like hydrogels [206,207], films [177], nanoparticles
[208], sponges [209] and nanoporous materials, each with different
mechanical properties, can be obtained [210].

To increase the mechanical strength elastin hydrogels, the pro-
tein molecules can be chemically crosslinked. Several crosslinkers
such as glutaraldehyde (GA) [211,212] disuccinimidyl glutarate
(DSG) [212], bis(sulfosuccinimidyl) suberate (BS3) [207,213e215],
copper sulfate and pyrroloquinoline quinone (PPQ) [209], ethylene
glycol diglycidyl ether (EGDE) [216], hexamethylene diisocyanate
(HMDI) [217], tris-succinimidyl aminotriacetate (TSAT) [218], dis-
uccinimidyl suberate (DSS) [214,215], and b-[tris(hydroxymethyl)
phosphino] propionic acid (THPP) [219] have been used to crosslink
genetically engineered ELPs [211e215,217e219], tropoelastin [207]
and a-elastin [216].

However, only few of these systems were tested in combination
with cells. Weiss and co-workers described the production and
properties of synthetic elastin formed by chemically crosslinking
recombinant human tropoelastin with BS3, allowing for the con-
struction of elastic sponges, sheets and tubes [207]. In vitro, these
materials support the growth and proliferation of different cell
types (adherent epithelial cells including M-1 murine cells and
human fibrosarcoma cells). In vivo, subcutaneously inserted im-
plants in guinea pig were well tolerated [207]. Furthermore, EGDE
was used to crosslink elastin based-materials from a-elastin [216].
These cross-linked materials supported vascular smooth muscle
cell (porcine VSMC) adhesion but, compared to polystyrene con-
trols, they exhibited a decreased proliferation rate [216]. In another
study, lysine-containing elastin-like polypeptide hydrogels were
formed in aqueous solution by crosslinking with THPP under
physiological conditions in the presence of mouse NIH-3T3 fibro-
blasts [219]. These cells survived the crosslinking process and were
viable after in vitro culture for 3 days [219].

High pressure CO2 has been used as a foaming agent to produce
porous elastin hydrogels [220,221] or tropoelastin/elastin hydro-
gels followed by chemical crosslinking [222]. Higher pressures
resulted in an increase in the porosity, improvement of mechanical
properties, and swelling ratio. Additionally, due to the formation of
large pores in the hydrogels, cell proliferation and growth were
substantially enhanced. Alternatively, it is also possible to prepare
elastic biomaterials from tropoelastin without crosslinking [223].
Under alkaline conditions, tropoelastin proceeds through a solegel
transition leading to the formation of a stable elastic hydrogel that
has been shown to support the growth of human skin fibroblast.
Further, in vivo studies with recombinant human elastin hydrogels
implanted in female SpragueeDawley rats revealed its potential as
a cell support biomaterial [223].

Also hybrids of ELPs with other proteins have been studied.
Particularly promising are genetically engineered silk-elastin like
polymers (SELPs) composed of amino acid motifs from B. mori silk
and elastin [98]. By suitable recombinant techniques, functional
motifs can be introduced into SELPS that provide control over
gelation, crosslinking, biodegradation, biorecognition and cell
adhesiveness [224], with applications in drug delivery [99,102] and
gene delivery systems [100,103,104]. In another study, elastin
hydrogels combined with glycosaminoglycans (GAGs) were inves-
tigated [225]. GAGs were co-blended into synthetic elastin hydro-
gels to increase their porosity. Finally, thiolated hyaluronic acid
hydrogels crosslinked with new bioinspired crosslinkers based on
desmosine, the crosslinker in natural elastin, have been described
[226].
6. Resilin

Resilin is an elastomeric structural protein found in insect cu-
ticles [227,228]. This protein is one of the most stretchable elasto-
meric proteins currently known [229,230]. Resilin from dragonfly
tendons has an elastic modulus of 600e700 kPa and can be
stretched to three times its original length before breaking (resil-
ience) [231]. However, it has been difficult to identify the primary
sequence and molecular structure of resilin due to the reduced
stability during purification [232]. The predicted 620 amino acid
sequence of the Drosophila gene product CG15920 (a precursor of
resilin) has a tripartite structure: the first exon with 323 amino
acids (exon I reported as “pro-resilin”) consists a so-called signal
peptide sequence with 17 amino acids followed by 18 pentadeca-
peptide repeats (GGRPSDSYGAPGGGN) [233,234]; the second exon
with 62 amino acids (exon II) contains a typical cuticular chitin-
binding domain [234,235]; the third exon with 235 amino acids
(exon III) contains 11 tridecapeptide repeats (GYSGGRPGGQDLG)
[235] (Fig. 5). Both, exon I and exon III contain tyrosine residues,
which are probably involved in crosslinking, and also have a high
content of continuous glycine residues, which are thought to be
responsible for the high flexibility of the polypeptide chains
[236,237].

Resilin behaves as an entropic elastomer consisting of unor-
dered chains linked through stable crosslinks. Its restoring elastic
force arises due to the loss in conformational entropy upon
stretching [236,238,239]. Unlike elastin, the resilin sequence is
dominated by hydrophilic residues, suggesting that hydrophobic
interactions are minimal [240]. Exon I consists of more hydrophilic
blocks and has a more flexible structure that promotes self-
aggregation to fibrillar structures in water, compared to exon III,
which is composed of hydrophobic and hydrophilic regions that
tend to form micelles in water [241]. Exon II, which is relatively
hydrophobic, forms micelles of different sizes in water [241].

Resilin has a similar upper critical solution temperature (UCST,
the temperature above which coacervates disappear when heated)
in water as elastin [242,243]. When heated further, however,
resilin-based proteins exhibit a lower critical solution temperature



Fig. 5. The putatative resilin sequence from the Drosophila melanogaster CG15290 gene product. The sequence consists of three exons (exons IeIII). Exons I and III include 18
repeats of GGRPSDSYGAPGGGN and 11 copies of GYSGGRPGGQDLG, respectively. The sequence in exon II is involved in binding of chitin. Reprinted from ref. [260]; Copyright 2013,
with permission from Elsevier.

R. Silva et al. / Biomaterials 35 (2014) 6727e67386734
(LCST, the temperatures above which the protein becomes
immiscible).

Following the identification of a resilin-like motif sequence
[235], a range of resilin-like biomaterials were generated by genetic
engineering of resilin-encoding genes [234,237,244,245] for appli-
cations as pH sensors and as hydrogel reservoirs for drugs, nano-
particles, enzymes, and catalysts [246]. The first genetically
engineered resilin-based material that exhibited the high resilience
of natural resilinwas a crosslinked recombinant protein comprising
exon I of the CG15920 gene (rec1-resilin) [233]. Rheological studies
showed that crosslinked rec1-resilin hydrogels exhibit outstanding
elasticity and a resilience (yield strain) of 92%, which exceeds that
of most other polymer hydrogels [247]. Charati et al. [248] modified
the resilin repeat by replacing the tyrosine with phenylalanine, in
order to facilitate a photochemical crosslinking of the polypeptide
[249e251]. Lysine residues have also been included outside the
putative resilin repeat as additional crosslinking sites, as well as the
cell-adhesion ligand RGDSP, derived from the fibronectin subunit
module FN-III10 [252]. Furthermore, a matrix metalloproteinase
(MMP)-sensitive sequence, (GPQGYIWGQ, derived from the human
a1(I) collagen chain and readily cleaved by MMPs), was included to
promote proteolytic degradation [253]. In addition, the heparin-
binding domain (CKAAKRPKAAKDKQTK) was included in the
sequence for the noncovalent immobilization of heparin to allow
for the sequestration and controlled release of growth factors [254].
The combination of these approaches for the generation of a resilin-
like hydrogel induced cell adhesion and proliferation of mouse NIH
3T3 fibroblasts. The stiffness of this hydrogel was tuned within the
range of 500 Pa to 10 kPa by changing the polypeptide concentra-
tion and crosslink ratio [255].

Qin et al. produced hydrogels from two different exons (I and III)
of the resilin protein via horseradish peroxidase-mediated cross-
linking [256]. They cloned the two exons (I and III) from the resilin
gene in Drosophila melanogaster, and expressed the encoded pro-
teins in Escherichia coli. The protein derived from exon I exhibited a
resilience (yield strain) of 90%, in comparison to 63% for the protein
derived from exon III, and therefore exon 1 is probably the more
important domain for materials mimicking native resilin [256].

Consensus sequences derived from Anopheles gambiae (mos-
quito) genes have also been identified, and it was found that pro-
teins obtained from the mosquito sequences display similar
properties to rec1-resilin [238,242]. Based on these studies, a new
modular protein containing repeating motifs derived from A.
gambiae and a cell-binding domain derived from fibronectin was
designed [257]. When crosslinked with tris(hydroxymethyl)phos-
phine, the hydrogels had a complex modulus of 22 kPa, a yield
strain of 63%, and a compression modulus of 2.4 MPa, which is on
the same order of magnitude as human cartilage. Human mesen-
chymal stem cells cultured on such resilin-based hydrogels showed
good spreading behavior and had a viability of 95% after three days
of culture [257].

Recently, new resilin-like polypeptides (RLPs), containing 12
repeats of the putative resilin consensus sequence and an MMP-1-
sensitive domain were produced [258]. These RLP-based poly-
peptides exhibit largely random-coil conformation, both in solution
and in hydrogels crosslinked with tris(hydroxymethyl) phosphine.
Primary human mesenchymal stem cells (hMSCs) encapsulated in
RLP hydrogels were viable over extended time periods [258].
Additionally, RLPePEG hybrid hydrogels were investigated. These
hydrogels are cross-linked through a Michael-type addition reac-
tion between cysteine residues on the polypeptide and a vinyl
sulfone-terminated PEG [259]. These RLPePEG hydrogels form
stable networks uponmixing of the two components. Human aortic
adventitial fibroblasts were successfully encapsulated in such
hydrogels [259].
7. Final remarks and future perspectives

In this paper, we reviewed the properties of biomaterials based
on naturally occurring fibrous proteins. Their degradability,
biocompatibility, availability, and similarity with extracellular
matrix proteins make them attractive for numerous biomedical
applications, in particular in tissue engineering and regenerative
medicine. In addition, one of themajor advantages of these proteins
is that they can be specifically modified and enhanced by genetic
engineering strategies to add functionality, for instance to facilitate
cell adhesiveness and controlled degradability by proteases. These
proteins self-assemble under specific conditions, which render
them compatible with emerging technologies such as rapid pro-
totyping and biofabrication approaches. The importance of bio-
materials based on naturally occurring fibrous proteins is bound to
grow substantially in the future.
Acknowledgments

The authors acknowledged funding from the Emerging Fields
Initiative (Project TOPbiomat) of the University of Erlangen-
Nuremberg, Germany (TECH06).
References

[1] Agrawal CM, Ray RB. Biodegradable polymeric scaffolds for musculoskeletal
tissue engineering. J Biomed Mater Res 2001;55:141e50.

[2] Abdelaal OA, Darwish SM. Fabrication of tissue engineering scaffolds using
rapid prototyping techniques. World Academy of Science, Engineering and
Technology; 2011. pp. 577e85.

[3] Mouriño V, Boccaccini AR. Bone tissue engineering therapeutics: controlled
drug delivery in three-dimensional scaffolds. J R Soc Interface 2010;7:209e
27.

[4] Nicodemus GD, Bryant SJ. Cell encapsulation in biodegradable hydrogels for
tissue engineering applications. Tissue Eng Part B Rev 2008;14:149e65.

[5] Cabodi M, Choi NW, Gleghorn JP, Lee CSD, Bonassar LJ, Stroock AD.
A microfluidic biomaterial. J Am Chem Soc 2005;127:13788e9.

[6] Dhandayuthapani B, Yoshida Y, Maekawa T, Kumar DS. Polymeric scaffolds in
tissue engineering application: a review. Int J Polym Sci 2011;2011:1e19.

[7] Kope�cek J. Hydrogel biomaterials: a smart future? Biomaterials 2007;28:
5185e92.

[8] Slaughter BV, Khurshid SS, Fisher OZ, Khademhosseini A, Peppas NA.
Hydrogels in regenerative medicine. Adv Mater 2009;21:3307e29.

http://refhub.elsevier.com/S0142-9612(14)00476-1/sref1
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref1
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref1
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref2
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref2
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref2
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref2
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref3
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref3
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref3
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref4
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref4
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref4
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref5
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref5
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref5
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref6
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref6
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref6
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref7
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref7
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref7
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref7
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref8
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref8
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref8


R. Silva et al. / Biomaterials 35 (2014) 6727e6738 6735
[9] Karsdal MA, Nielsen MJ, Sand JM, Henriksen K, Genovese F, Bay-Jensen A-C,
et al. Extracellular matrix remodeling: the common denominator in con-
nective tissue diseases. Possibilities for evaluation and current understand-
ing of the matrix as more than a passive architecture, but a key player in
tissue failure. Assay Drug Dev Technol 2013;11:70e92.

[10] Varghese S, Elisseeff J. Hydrogels for musculoskeletal tissue engineering.
Polym Regen Med; 2006:95e144.

[11] Wilson JL, McDevitt TC. Stem cell microencapsulation for phenotypic
control, bioprocessing, and transplantation. Biotechnol Bioeng 2013;110:
667e82.

[12] Diaspro A, Silvano D, Krol S, Cavalleri O, Gliozzi A. Single living cell encap-
sulation in nano-organized polyelectrolyte shells. Langmuir; 2002:5047e50.

[13] Chang T. Semipermeable microcapsules. Science 1964;146:1e2.
[14] Hou Q, De Bank PA, Shakesheff KM. Injectable scaffolds for tissue regener-

ation. J Mater Chem 2004;14:1915.
[15] Nafea EH, Marson A, Poole-Warren LA, Martens PJ. Immunoisolating semi-

permeable membranes for cell encapsulation: focus on hydrogels. J Control
Release 2011;154:110e22.

[16] Rehfeldt F, Engler AJ, Eckhardt A, Ahmed F, Discher DE. Cell responses to the
mechanochemical microenvironmenteimplications for regenerative medi-
cine and drug delivery. Adv Drug Deliv Rev 2007;59:1329e39.

[17] Brandl F, Sommer F, Goepferich A. Rational design of hydrogels for tissue
engineering: impact of physical factors on cell behavior. Biomaterials
2007;28:134e46.

[18] Drury JL, Mooney DJ. Hydrogels for tissue engineering: scaffold design var-
iables and applications. Biomaterials 2003;24:4337e51.

[19] Sun J, Tan H. Alginate-based biomaterials for regenerative medicine appli-
cations. Materials 2013;6:1285e309.

[20] Tan H, Xiao C, Sun J, Xiong D, Hu X. Biological self-assembly of injectable
hydrogel as cell scaffold via specific nucleobase pairing. Chem Commun
2012;48:10289e91.

[21] Tan H, Marra KG. Injectable, biodegradable hydrogels for tissue engineering
applications. Materials 2010;3:1746e67.

[22] Peppas NA, Hilt JZ, Khademhosseini A, Langer R. Hydrogels in biology and
medicine: from molecular principles to bionanotechnology. Adv Mater
2006;18:1345e60.

[23] Abraham LC, Zuena E, Perez-ramirez B, Kaplan DL. Review guide to collagen
characterization for biomaterial studies. J Biomed Mater Res Part B Appl
Biomater; 2008:264e85.

[24] Cen L, Liu Wei, Cui Lei, Zhang W, Cao Y, RSW L, et al. Collagen tissue engi-
neering: development of novel biomaterials. Pediatr Res 2008;63:492e6.

[25] Friess W. Collagen e biomaterial for drug delivery 1. Eur J Pharm Biopharm
1998;45:113e36.

[26] Gelse K, Po E, Aigner T. Collagens e structure, function, and biosynthesis. Adv
Drug Deliv Rev 2003;55:1531e46.

[27] Lee CH, Singla A, Lee Y. Biomedical applications of collagen. Int J Pharm
2001;221:1e22.

[28] Parenteau-bareil R, Gauvin R, Berthod F. Collagen-based biomaterials for
tissue engineering applications. Materials 2010;3:1863e87.

[29] Stegemann JP, Kaszuba SN, Rowe SL. Review: advances in vascular tissue
engineering using protein-based biomaterials. Tissue Eng 2007;13:2602e13.

[30] Balakrishnan B, Banerjee R. Biopolymer-based hydrogels for cartilage tissue
engineering. Chem Rev 2011;111:4453e74.

[31] Burnouf T, Su C, Radosevich M, Goubran H. Blood-derived biomaterials:
fibrin sealant, platelet gel and platelet fibrin glue. Int Soc Blood Transfus
2009;4:136e42.

[32] Janmey PA, Winer JP, Weisel JW. Fibrin gels and their clinical and bioengi-
neering applications fibrin gels and their clinical and bioengineering appli-
cations. Interface 2009;6:1e10.

[33] Ziv-Polat, Skaat H, Shahar A, Margel S. Novel magnetic fibrin hydrogel
scaffolds containing thrombin and growth factors conjugated iron oxide
nanoparticles for tissue engineering. Int J Nanomed 2012;12:1259e74.

[34] Brown AC, Barker TH. Fibrin-based biomaterials: modulation of macroscopic
properties through rational design at the molecular level. Acta Biomater
2013;10(4):1502e14.

[35] Jhon MS, Andrade JD. Water and hydrogels. J Biomed Mater Res 1973;7:
509e22.

[36] Yu L, Dean K, Li L. Polymer blends and composites from renewable resources.
Prog Polym Sci 2006;31:576e602.

[37] Vasconcelos A, Gomes AC, Cavaco-Paulo A. Novel silk fibroin/elastin wound
dressings. Acta Biomater 2012;8:3049e60.

[38] Silva R, Ferreira H, Azoia NG, Shimanovich U, Freddi G, Gedanken A, et al.
Insights on the mechanism of formation of protein microspheres in biphasic
system. Mol Pharm 2012;9:3079e88.

[39] Scheibel T. Protein fibers as performance proteins: new technologies and
applications. Curr Opin Biotechnol 2005;16:427e33.

[40] Wang X, Kim HJ, Wong C, Vepari C, Matsumoto A, Kaplan DL. Fibrous pro-
teins and tissue engineering. Mater Today 2006;9:44e53.

[41] Srinivasan N, Kumar S. Ordered and disordered proteins as nanomaterial
building blocks. Wiley Interdiscip Rev Nanomed Nanobiotechnol 2012;4:
204e18.

[42] Kaplan D, Adams WW. Silk: biology, structure, properties, and genetics. ACS
Symp; 1994:2e16.

[43] Vollrath F, Knight DP. Liquid crystalline spinning of spider silk. Nature
2001;410:541e8.
[44] Winkler S, Kaplan DL. Molecular biology of spider silk. J Biotechnol 2000;74:
85e93.

[45] Wong Po Foo C, Kaplan DL. Genetic engineering of fibrous proteins: spider
dragline silk and collagen. Adv Drug Deliv Rev 2002;54:1131e43.

[46] Altman GH, Diaz F, Jakuba C, Calabro T, Horan RL, Chen J, et al. Silk-based
biomaterials. Biomaterials 2003;24:401e16.

[47] Scheibel T. Spider silks: recombinant synthesis, assembly, spinning, and
engineering of synthetic proteins. Microb Cell Fact 2004;3:14.

[48] Hinman MB, Jones JA, Lewis RV. Synthetic spider silk: a modular fiber. Trends
Biotechnol 2000;18:374e9.

[49] Tamada Y. New process to form a silk fibroin porous 3-D structure. Bio-
macromolecules 2005;6:3100e6.

[50] Zhou CZ, Confalonieri F, Medina N, Zivanovic Y, Esnault C, Yang T, et al. Fine
organization of Bombyx mori fibroin heavy chain gene. Nucleic Acids Res
2000;28:2413e9.

[51] Yamaguchi K, Kikuchi Y, Takagi T, Kikuchi A, Oyama F, Shimura K, et al.
Primary structure of the silk fibroin light chain determined by cDNA
sequencing and peptide analysis. J Mol Biol 1989;210:127e39.

[52] Inoue S, Tanaka K, Arisaka F, Kimura S, Ohtomo K, Mizuno S. Silk fibroin of
Bombyx mori is secreted, assembling a high molecular mass elementary unit
consisting of H-chain, L-chain, and P25, with a 6:6:1 molar ratio. J Biol Chem
2000;275:40517e28.

[53] Vasconcelos A, Freddi G, Cavaco-Paulo A. Biodegradable materials based on
silk fibroin and keratin. Biomacromolecules 2009;10:1019.

[54] Zhou CZ, Confalonieri F, Jacquet M, Perasso R, Li ZG, Janin J. Silk fibroin:
structural implications of a remarkable amino acid sequence. Proteins
2001;44:119e22.

[55] Jin H-J, Kaplan DL. Mechanism of silk processing in insects and spiders.
Nature 2003;424:1057e61.

[56] Motta A, Fambri L, Migliaresi C. Regenerated silk fibroin films: thermal and
dynamic mechanical analysis. Macromol Chem Phys 2002;203:1658e65.

[57] Omenetto FG, Kaplan DL. New opportunities for an ancient material. Science
2010;329:528e31.

[58] Huemmerich D, Slotta U, Scheibel T. Processing and modification of films
made from recombinant spider silk proteins. Appl Phys A 2005;82:219e22.

[59] Zhang Y-Q. Applications of natural silk protein sericin in biomaterials. Bio-
technol Adv 2002;20:91e100.

[60] Murphy AR, Kaplan DL. Biomedical applications of chemically-modified silk
fibroin. J Mater Chem 2010;19:6443e50.

[61] Matsumoto A, Chen J, Collette AL, Kim U-J, Altman GH, Cebe P, et al. Mech-
anisms of silk fibroin sol-gel transitions. J Phys Chem B 2006;110:21630e8.

[62] Rockwood DN, Preda RC, Yücel T, Wang X, Lovett ML, Kaplan DL. Materials
fabrication from Bombyx mori silk fibroin. Nat Protoc 2011;6:1612e31.

[63] Hu X, Wang X, Rnjak J, Weiss AS, Kaplan DL. Biomaterials derived from silk-
tropoelastin protein systems. Biomaterials 2010;31:8121e31.

[64] Santin M, Motta A, Freddi G, Cannas M. In vitro evaluation of the inflam-
matory potential of the silk fibroin. J Biomed Mater Res 1999;46:382e9.

[65] Horan RL, Antle K, Collette AL, Wang Y, Huang J, Moreau JE, et al. In vitro
degradation of silk fibroin. Biomaterials 2005;26:3385e93.

[66] Hofmann S, Wong Po Foo CT, Rossetti F, Textor M, Vunjak-Novakovic G,
Kaplan DL, et al. Silk fibroin as an organic polymer for controlled drug de-
livery. J Control Release 2006;111:219e27.

[67] Uebersax L, Mattotti M, Papaloïzos M, Merkle HP, Gander B, Meinel L. Silk
fibroin matrices for the controlled release of nerve growth factor (NGF).
Biomaterials 2007;28:4449e60.

[68] Wang X, Wenk E, Hu X, Castro GR, Meinel L, Wang X, et al. Silk coatings on
PLGA and alginate microspheres for protein delivery. Biomaterials 2007;28:
4161e9.

[69] Silva SS, Motta A, Rodrigues MT, Pinheiro AFM, Gomes ME, Mano JF, et al.
Novel genipin-cross-linked chitosan/silk fibroin sponges for cartilage engi-
neering strategies. Biomacromolecules 2008;9:2764e74.

[70] Mandal BB, Kapoor S, Kundu SC. Silk fibroin/polyacrylamide semi-
interpenetrating network hydrogels for controlled drug release. Bio-
materials 2009;30:2826e36.

[71] Yang M-C, Wang S-S, Chou N-K, Chi N-H, Huang Y-Y, Chang Y-L, et al. The
cardiomyogenic differentiation of rat mesenchymal stem cells on silk fibroin-
polysaccharide cardiac patches in vitro. Biomaterials 2009;30:3757e65.

[72] Unger R. Growth of human cells on a non-woven silk fibroin net: a potential
for use in tissue engineering. Biomaterials 2004;25:1069e75.

[73] Um IC, Kweon HY, Park YH, Hudson S. Structural characteristics and prop-
erties of the regenerated silk fibroin prepared from formic acid. Int J Biol
Macromol 2001;29:91e7.

[74] Um IC, Kweon HY, Lee KG, Park YH. The role of formic acid in solution sta-
bility and crystallization of silk protein polymer. Int J Biol Macromol
2003;33:203e13.

[75] Nazarov R, Jin H-J, Kaplan DL. Porous 3-D scaffolds from regenerated silk
fibroin. Biomacromolecules 2004;5:718e26.

[76] Bayraktar O, Malay O, Ozgarip Y, Batigün A. Silk fibroin as a novel coating
material for controlled release of theophylline. Eur J Pharm Biopharm
2005;60:373e81.

[77] Lu Q, Hu K, Feng Q, Cui F. Growth of fibroblast and vascular smooth muscle
cells in fibroin/collagen scaffold. Mater Sci Eng C 2009;29:2239e45.

[78] Niamsa N, Srisuwan Y, Baimark Y, Phinyocheep P, Kittipoom S. Preparation of
nanocomposite chitosan/silk fibroin blend films containing nanopore struc-
tures. Carbohydr Polym 2009;78:60e5.

http://refhub.elsevier.com/S0142-9612(14)00476-1/sref9
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref9
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref9
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref9
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref9
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref9
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref10
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref10
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref10
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref11
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref11
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref11
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref11
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref12
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref12
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref12
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref13
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref13
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref14
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref14
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref15
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref15
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref15
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref15
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref16
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref16
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref16
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref16
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref16
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref17
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref17
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref17
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref17
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref18
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref18
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref18
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref19
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref19
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref19
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref20
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref20
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref20
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref20
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref21
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref21
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref21
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref22
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref22
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref22
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref22
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref23
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref23
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref23
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref23
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref24
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref24
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref24
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref25
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref25
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref25
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref25
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref26
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref26
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref26
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref26
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref27
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref27
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref27
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref28
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref28
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref28
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref29
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref29
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref29
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref30
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref30
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref30
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref31
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref31
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref31
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref31
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref32
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref32
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref32
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref32
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref33
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref33
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref33
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref33
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref34
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref34
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref34
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref34
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref35
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref35
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref35
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref36
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref36
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref36
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref37
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref37
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref37
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref38
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref38
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref38
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref38
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref39
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref39
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref39
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref40
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref40
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref40
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref41
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref41
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref41
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref41
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref42
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref42
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref42
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref43
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref43
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref43
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref44
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref44
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref44
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref45
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref45
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref45
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref46
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref46
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref46
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref47
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref47
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref48
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref48
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref48
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref49
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref49
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref49
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref50
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref50
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref50
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref50
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref51
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref51
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref51
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref51
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref52
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref52
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref52
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref52
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref52
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref53
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref53
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref54
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref54
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref54
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref54
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref55
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref55
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref55
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref56
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref56
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref56
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref57
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref57
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref57
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref58
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref58
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref58
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref59
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref59
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref59
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref60
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref60
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref60
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref61
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref61
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref61
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref62
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref62
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref62
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref63
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref63
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref63
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref64
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref64
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref64
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref65
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref65
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref65
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref66
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref66
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref66
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref66
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref67
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref67
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref67
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref67
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref68
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref68
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref68
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref68
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref69
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref69
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref69
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref69
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref70
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref70
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref70
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref70
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref71
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref71
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref71
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref71
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref72
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref72
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref72
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref73
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref73
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref73
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref73
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref74
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref74
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref74
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref74
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref75
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref75
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref75
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref76
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref76
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref76
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref76
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref77
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref77
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref77
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref78
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref78
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref78
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref78


R. Silva et al. / Biomaterials 35 (2014) 6727e67386736
[79] Sofia S, McCarthy MB, Gronowicz G, Kaplan DL. Functionalized silk-based
biomaterials for bone formation. J Biomed Mater Res 2001;54:139e48.

[80] Kim U-J, Park J, Kim HJ, Wada M, Kaplan DL. Three-dimensional aqueous-
derived biomaterial scaffolds from silk fibroin. Biomaterials 2005;26:
2775e85.

[81] Meinel L, Hofmann S, Karageorgiou V, Kirker-Head C, McCool J, Gronowicz G,
et al. The inflammatory responses to silk films in vitro and in vivo. Bio-
materials 2005;26:147e55.

[82] Min B-M, Jeong L, Nam YS, Kim J-M, Kim JY, Park WH. Formation of silk
fibroin matrices with different texture and its cellular response to normal
human keratinocytes. Int J Biol Macromol 2004;34:281e8.

[83] Wang Y, Kim H-J, Vunjak-Novakovic G, Kaplan DL. Stem cell-based tissue
engineering with silk biomaterials. Biomaterials 2006;27:6064e82.

[84] Kundu B, Rajkhowa R, Kundu SC, Wang X. Silk fibroin biomaterials for tissue
regenerations. Adv Drug Deliv Rev 2013;65:457e70.

[85] Chen X, Li W, Zhong W, Lu Y, Yu T. pH sensitivity and ion sensitivity of
hydrogels based on complex-forming chitosan/silk fibroin interpenetrating
polymer network. J Appl Polym Sci 1997;65:2257e62.

[86] Ayub H, Arai M, Hirabayashi K. Mechanism of the gelation of fibroin solution.
Biosci Biotechnol Biochem 1993;57:1910e2.

[87] Hanawa T, Watanabe A, Tsuchiya T. New oral dosage form for elderly pa-
tients: preparation and characterization of silk fibroin gel. Chem Pharm Bull
1995;43:284e8.

[88] Kim U-J, Park J, Li C, Jin H-J, Valluzzi R, Kaplan DL. Structure and properties of
silk hydrogels. Biomacromolecules 2004;5:786e92.

[89] Motta a, Migliaresi C, Faccioni F, Torricelli P, Fini M, Giardino R. Fibroin
hydrogels for biomedical applications: preparation, characterization and
in vitro cell culture studies. J Biomater Sci Polym Ed 2004;15:851e64.

[90] Kim IY, Yoo MK, Seo JH, Park SS, Na HS, Lee HC, et al. Evaluation of semi-
interpenetrating polymer networks composed of chitosan and poloxamer
for wound dressing application. Int J Pharm 2007;341:35e43.

[91] Wang X, Kluge JA, Leisk GG, Kaplan DL. Sonication-induced gelation of silk
fibroin for cell encapsulation. Biomaterials 2008;29:1054e64.

[92] Yucel T, Cebe P, Kaplan DL. Vortex-induced injectable silk fibroin hydrogels.
Biophys J 2009;97:2044e50.

[93] Fini M, Motta A, Torricelli P, Giavaresi G, Nicoli Aldini N, Tschon M, et al. The
healing of confined critical size cancellous defects in the presence of silk
fibroin hydrogel. Biomaterials 2005;26:3527e36.

[94] Zhang W, Wang X, Wang S, Zhao J, Xu L, Zhu C, et al. The use of injectable
sonication-induced silk hydrogel for VEGF(165) and BMP-2 delivery for
elevation of the maxillary sinus floor. Biomaterials 2011;32:9415e24.

[95] Sah M, Pramanik K. Preparation, characterization and in vitro study of
biocompatible fibroin hydrogel. Afr J Biotechnol 2011;10:7878e92.

[96] Calabrese R, Kaplan DL. Silk ionomers for encapsulation and differentiation
of human MSCs. Biomaterials 2012;33:7375e85.

[97] Marelli B, Ghezzi CE, Alessandrino A, Barralet JE, Freddi G, Nazhat SN. Silk
fibroin derived polypeptide-induced biomineralization of collagen. Bio-
materials 2012;33:102e8.

[98] Cappello J, Crissman J, Dorman M, Mikolajczak M, Textor G, Marquet M, et al.
Genetic engineering of structural protein polymers. Biotechnol Prog 1990;6:
198e202.

[99] Cappello J, Crissman JW, Crissman M, Ferrari FA, Textor G, Wallis O, et al. In-
situ self-assembling protein polymer gel systems for administration, de-
livery, and release of drugs. J Control Release 1998;53:105e17.

[100] Megeed Z, Cappello J, Ghandehari H. Controlled release of plasmid DNA
from a genetically engineered silk-elastinlike hydrogel. Pharm Res 2002;19:
954e9.

[101] Dinerman AA, Cappello J, Ghandehari H, Hoag SW. Swelling behavior of a
genetically engineered silk-elastin like protein polymer hydrogel. Bio-
materials 2002;23:4203e10.

[102] Dinerman AA, Cappello J, Ghandehari H, Hoag SW. Solute diffusion in
genetically engineered silk-elastin like protein polymer hydrogels. J Control
Release 2002;82:277e87.

[103] Haider M, Leung V, Ferrari F, Crissman J, Powell J, Cappello J, et al. Molecular
engineering of silk-elastin like polymers for matrix-mediated gene delivery:
biosynthesis and characterization. Mol Pharm 2005;2:139e50.

[104] Megeed Z, Haider M, Li D, O’Malley BW, Cappello J, Ghandehari H. In vitro
and in vivo evaluation of recombinant silk-elastin like hydrogels for cancer
gene therapy. J Control Release 2004;94:433e45.

[105] Hu X, Cebe P, Weiss AS, Omenetto F, Kaplan DL. Protein-based composite
materials. Mater Today 2012;15:208e15.

[106] Gil ES, Frankowski DJ, Spontak RJ, Hudson SM. Swelling behavior and
morphological evolution of mixed gelatin/silk fibroin hydrogels. Bio-
macromolecules 2005;6:3079e87.

[107] Gil ES, Spontak RJ, Hudson SM. Effect of beta-sheet crystals on the thermal
and rheological behavior of protein-based hydrogels derived from gelatin
and silk fibroin. Macromol Biosci 2005;5:702e9.

[108] Xiao W, Liu W, Sun J, Dan X, Wei D, Fan H. Ultrasonication and genipin cross-
linking to prepare novel silk fibroin-gelatin composite hydrogel. J Bioact
Compat Polym 2012;27:327e41.

[109] Maham A, Tang Z, Wu H, Wang J, Lin Y. Protein-based nanomedicine plat-
forms for drug delivery. Small 2009;5:1706e21.

[110] Silva SS, Santos TC, Cerqueira MT, Marques AP, Reys LL, Silva TH, et al. The
use of ionic liquids in the processing of chitosan/silk hydrogels for
biomedical applications. Green Chem 2012;14:1463.
[111] Lee K-G, Kweon H, Yeo J-H, Woo S-O, Lee J-H, Hwan Park Y. Structural and
physical properties of silk fibroin/alginate blend sponges. J Appl Polym Sci
2004;93:2174e9.

[112] Roh D-H, Kang S-Y, Kim J-Y, Kwon Y-B, Young Kweon H, Lee K-G, et al.
Wound healing effect of silk fibroin/alginate-blended sponge in full thick-
ness skin defect of rat. J Mater Sci Mater Med 2006;17:547e52.

[113] Hu X, Lu Q, Sun L, Cebe P, Wang X, Zhang X, et al. Biomaterials
from ultrasonication-induced silk fibroin-hyaluronic acid hydrogels. Bio-
macromolecules; 2010:3178e88.

[114] Foss C, Merzari E, Migliaresi C, Motta A. Silk fibroin/hyaluronic acid
3D matrices for cartilage tissue engineering. Biomacromolecules 2013;14:
38e47.

[115] Singh N, Rahatekar SS, Koziol KKK, Ng TS, Patil AJ, Mann S, et al. Directing
chondrogenesis of stem cells with specific blends of cellulose and silk. Bio-
macromolecules 2013;14:1287e98.

[116] Bragulla HH, Homberger DG. Structure and functions of keratin proteins
in simple, stratified, keratinized and cornified epithelia. J Anat 2009;214:
516e59.

[117] Hardy MH. The secret life of the hair follicle. Trends Genet 1992;8:55e61.
[118] Blessing M, Nanney LB, King LE, Jones CM, Hogan BL. Transgenic mice as a

model to study the role of TGF-beta-related molecules in hair follicles. Genes
Dev 1993;7:204e15.

[119] Stenn KS, Prouty SM, Seiberg M. Molecules of the cycling hair follicle-a
tabulated review. J Dermatol Sci 1994;7(Suppl.):S109e24.

[120] Panteleyev AA, Jahoda CA, Christiano AM. Hair follicle predetermination.
J Cell Sci 2001;114:3419e31.

[121] Rogers GE. Hair follicle differentiation and regulation. Int J Dev Biol 2004;48:
163e70.

[122] Rippon JA. The structure of wool in wool dyeing. Bradford, England: Society
of Dyers and Colourists; 1992.

[123] Popescu C, Höcker H. Hair-the most sophisticated biological composite
material. Chem Soc Rev 2007;36:1282e91.

[124] Feughelman M. Natural protein fibers. J Appl Polym Sci 2002;83:489e507.
[125] Negri AP, Cornell HJ, Rivett DE. A model for the surface of keratin fibers. Text

Res J 1993;63:109e15.
[126] Plowman J. Proteomic database of wool components. J Chromatogr B

2003;787:63e76.
[127] Parry DA, Steinert PM. Intermediate filament structure. Curr Opin Cell Biol

1992;4:94e8.
[128] Astbury W, Woods H. X-ray studies of the structure of hair, wool, and related

fibres. II. The molecular structure and elastic properties of hair keratin. Philos
Trans R Soc Lond 1934;49.

[129] Pauling L, Corey RB. Configurations of polypeptide chains with
favored orientations around single bonds. Proc Natl Acad Sci U S A
1951;37:729e40.

[130] Pauling L, Corey RB. Compound helical configurations of polypeptide chains:
structure of proteins of the alpha-keratin type. Nature 1953;171:59e61.

[131] Hill P, Brantley H, Van Dyke M. Some properties of keratin biomaterials:
kerateines. Biomaterials 2010;31:585e93.

[132] Earland C, Knight C. Studies on the structure of keratin II. The amino acid
content of fractions isolated from oxidized wool. Biochim Biophys Acta
1956;9:405e11.

[133] Buchanan JH. A cystine-rich protein fraction from oxidized alpha-keratin.
Biochem J 1977;167:489e91.

[134] Michaelis L. A study of keratin. J Biol Chem 1934;106:605e14.
[135] Maclaren J. The extent of reduction of wool proteins by thiols. Aust J Chem;

1962:824e31.
[136] O’donnell I, Thompson E. Studies on reduced wool. Aust J Biol Sci; 1969:11.
[137] Rouse J, Van Dyke M. A review of keratin-based biomaterials for biomedical

applications. Materials; 2010:999e1014.
[138] Vasconcelos A, Cavaco-Paulo A. Wound dressings for a proteolytic-rich

environment. Appl Microbiol Biotechnol 2011;90:445e60.
[139] Zahn H. Progress report on hair keratin research. Int J Cosmet Sci 2002;24:

163e9.
[140] Katoh K, Shibayama M, Tanabe T, Yamauchi K. Preparation and physico-

chemical properties of compression-molded keratin films. Biomaterials
2004;25:2265e72.

[141] Katoh K, Tanabe T, Yamauchi K. Novel approach to fabricate keratin sponge
scaffolds with controlled pore size and porosity. Biomaterials 2004;25:
4255e62.

[142] Tonin C, Aluigi A, Vineis C, Varesano A, Montarsolo A, Ferrero F. Thermal and
structural characterization of poly(ethylene-oxide)/keratin blend films.
J Therm Anal Calorim 2007;89:601e8.

[143] Steinert PM, Gullino MI. Bovine epidermal keratin filament assembly in vitro.
Biochem Biophys Res Commun 1976;70:221e7.

[144] Thomas H, Conrads A, Phan K. In vitro reconstitution of wool intermediate
filaments. Int J Biol Macromol 1986;8:258e64.

[145] Ikkai F, Naito S. Dynamic light scattering and circular dichroism studies on
heat-induced gelation of hard-keratin protein aqueous solutions. Bio-
macromolecules 2002;3:482e7.

[146] Tachibana A, Furuta Y, Takeshima H, Tanabe T, Yamauchi K. Fabrication of
wool keratin sponge scaffolds for long-term cell cultivation. J Biotechnol
2002;93:165e70.

[147] Verma V, Verma P, Ray P, Ray AR. Preparation of scaffolds from human hair
proteins for tissue-engineering applications. Biomed Mater 2008;3:025007.

http://refhub.elsevier.com/S0142-9612(14)00476-1/sref79
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref79
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref79
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref80
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref80
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref80
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref80
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref81
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref81
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref81
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref81
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref82
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref82
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref82
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref82
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref83
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref83
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref83
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref84
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref84
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref84
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref85
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref85
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref85
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref85
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref86
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref86
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref86
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref87
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref87
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref87
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref87
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref88
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref88
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref88
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref89
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref89
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref89
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref89
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref90
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref90
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref90
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref90
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref91
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref91
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref91
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref92
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref92
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref92
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref93
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref93
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref93
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref93
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref94
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref94
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref94
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref94
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref95
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref95
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref95
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref96
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref96
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref96
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref97
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref97
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref97
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref97
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref98
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref98
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref98
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref98
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref99
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref99
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref99
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref99
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref100
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref100
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref100
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref100
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref101
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref101
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref101
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref101
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref102
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref102
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref102
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref102
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref103
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref103
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref103
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref103
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref104
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref104
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref104
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref104
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref105
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref105
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref105
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref106
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref106
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref106
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref106
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref107
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref107
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref107
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref107
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref108
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref108
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref108
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref108
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref109
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref109
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref109
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref110
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref110
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref110
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref111
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref111
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref111
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref111
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref112
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref112
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref112
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref112
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref113
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref113
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref113
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref113
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref114
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref114
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref114
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref114
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref115
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref115
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref115
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref115
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref116
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref116
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref116
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref116
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref117
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref117
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref118
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref118
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref118
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref118
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref119
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref119
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref119
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref120
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref120
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref120
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref121
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref121
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref121
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref122
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref122
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref123
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref123
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref123
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref124
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref124
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref125
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref125
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref125
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref126
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref126
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref126
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref127
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref127
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref127
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref128
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref128
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref128
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref129
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref129
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref129
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref129
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref130
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref130
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref130
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref131
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref131
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref131
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref132
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref132
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref132
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref132
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref133
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref133
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref133
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref134
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref134
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref135
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref135
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref135
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref136
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref137
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref137
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref137
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref138
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref138
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref138
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref139
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref139
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref139
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref140
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref140
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref140
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref140
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref141
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref141
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref141
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref141
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref142
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref142
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref142
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref142
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref143
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref143
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref143
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref144
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref144
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref144
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref145
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref145
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref145
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref145
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref146
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref146
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref146
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref146
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref147
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref147


R. Silva et al. / Biomaterials 35 (2014) 6727e6738 6737
[148] Furth ME, Atala A, Van Dyke ME. Smart biomaterials design for tissue en-
gineering and regenerative medicine. Biomaterials 2007;28:5068e73.

[149] Humphries MJ, Komoriya A, Akiyama SK, Olden K, Yamada KM. Identification
of two distinct regions of the type III connecting segment of human plasma
fibronectin that promote cell type-specific adhesion. J Biol Chem 1987;262:
6886e92.

[150] Hamasaki S, Tachibana A, Tada D, Yamauchi K, Tanabe T. Fabrication of
highly porous keratin sponges by freeze-drying in the presence of calcium
alginate beads. Mater Sci Eng C 2008;28:1250e4.

[151] Izawa I, Inagaki M. Regulatory mechanisms and functions of intermediate
filaments: a study using site- and phosphorylation state-specific antibodies.
Cancer Sci 2006;97:167e74.

[152] Magin TM, Vijayaraj P, Leube RE. Structural and regulatory functions of
keratins. Exp Cell Res 2007;313:2021e32.

[153] Kawano Y, Okamoto S. Film and gel of keratins. Kagaku To Seibutsu 1975;13:
291e2.

[154] Blanchard C, Timmons S, Smith R. Keratin-based hydrogel for biomedical
applications and method of production. US 5,932,552; 1999.

[155] Sierpinski P, Garrett J, Ma J, Apel P, Klorig D, Smith T, et al. The use of keratin
biomaterials derived from human hair for the promotion of rapid regener-
ation of peripheral nerves. Biomaterials 2008;29:118e28.

[156] Apel PJ, Garrett JP, Sierpinski P, Ma J, Atala A, Smith TL, et al. Peripheral nerve
regeneration using a keratin-based scaffold: long-term functional and his-
tological outcomes in a mouse model. J Hand Surg Am 2008;33:1541e7.

[157] Aboushwareb T, Eberli D, Ward C, Broda C, Holcomb J, Atala A, et al. A keratin
biomaterial gel hemostat derived from human hair: evaluation in a rabbit
model of lethal liver injury. J Biomed Mater Res B Appl Biomater 2009;90:
45e54.

[158] Hill P, Apel P, Barnwell J. Repair of peripheral nerve defects in rabbits using
keratin hydrogel scaffolds. Tissue Eng Part A 2011;17:1499e505.

[159] Pace LA, Plate JF, Smith TL, Van Dyke ME. The effect of human hair keratin
hydrogel on early cellular response to sciatic nerve injury in a rat model.
Biomaterials 2013;34:5907e14.

[160] Wang S, Taraballi F, Tan L, Ng K. Human keratin hydrogels support fibroblast
attachment and proliferation in vitro. Cell Tissue Res; 2012:795e802.

[161] Cardamone JM, Tunick MH, Onwulata C. Keratin sponge/hydrogel: I. fabri-
cation and characterization. Text Res J 2012;83:661e70.

[162] Cardamone JM. Keratin sponge/hydrogel II: active agent delivery. Text Res J
2013;83:917e27.

[163] Nakaji-Hirabayashi T, Kato K, Iwata H. Self-assembling chimeric protein for
the construction of biodegradable hydrogels capable of interaction with
integrins expressed on neural stem/progenitor cells. Biomacromolecules
2008;9:1411e6.

[164] Pasquali-Ronchetti I, Baccarani-Contri M. Elastic fiber during development
and aging. Microsc Res Tech 1997;38:428e35.

[165] Martyn C, Greenwald S. A hypothesis about a mechanism for the program-
ming of blood pressure and vascular disease in early life. Clin Exp Pharmacol
Physiol 2001;28:948e51.

[166] Faury G. Function-structure relationship of elastic arteries in evolution: from
microfibrils to elastin and elastic fibres. Pathol Biol 2001;49:310e25.

[167] Nivison-Smith L, Weiss A. Elastin based constructs. In: Eberli D, editor.
Regen. Med. Tissue Eng. Biomater. InTech; 1997. pp. 323e40.

[168] Glagov S, Vito R. Micro-architecture and composition of artery walls: rela-
tionship to location, diameter and the distribution of mechanical stress.
J Hypertens 1992;10:S101e4.

[169] Starcher B. A ninhydrin-based assay to quantitate the total protein content of
tissue samples. Anal Biochem 2001;292:125e9.

[170] Roten SV, Bhat S, Bhawan J. Elastic fibers in scar tissue. J Cutan Pathol
1996;23:37e42.

[171] Sandberg L, Soskel N, Leslie J. Elastin structure, biosynthesis, and relation to
disease states. N Engl J Med; 1981:1e4.

[172] Nettles DL, Chilkoti A, Setton LA. Applications of elastin-like polypeptides in
tissue engineering. Adv Drug Deliv Rev 2010;62:1479e85.

[173] Madsen K, Moskalewski S, von der Mark K, Friberg U. Synthesis of pro-
teoglycans, collagen, and elastin by cultures of rabbit auricular
chondrocytes-relation to age of the donor. Dev Biol 1983;96:63e73.

[174] Mecham RP, Madaras J, McDonald J a, Ryan U. Elastin production by cultured
calf pulmonary artery endothelial cells. J Cell Physiol 1983;116:282e8.

[175] Long J, Tranquillo R. Elastic fiber production in cardiovascular tissue-equiv-
alents. Matrix Biol 2003;22:339e50.

[176] Vrhovski B, Weiss A. Biochemistry of tropoelastin. Eur J Biochem 1998;258:
1e18.

[177] Daamen WF, Veerkamp JH, van Hest JCM, van Kuppevelt TH. Elastin as a
biomaterial for tissue engineering. Biomaterials 2007;28:4378e98.

[178] Mecham R, Heuser J. The elastic fiber. Cell Biol Extracell Matrix; 1991:366e81.
[179] Hinek A, Wrenn DS, Mecham RP, Barondes SH. The elastin receptor: a

galactoside-binding protein. Science 1988;239:1539e41.
[180] Rosenbloom J, AbramsW, Mecham R. Extracellular matrix 4: the elastic fiber.

FASEB J 1993;7:1208e18.
[181] Hinek a, Rabinovitch M. 67-kD elastin-binding protein is a protective

“companion” of extracellular insoluble elastin and intracellular tropoelastin.
J Cell Biol 1994;126:563e74.

[182] Fornieri C, Baccarani-Contri M, Quaglino D, Pasquali-Ronchetti I. Lysyl oxi-
dase activity and elastin/glycosaminoglycan interactions in growing chick
and rat aortas. J Cell Biol 1987;105:1463e9.
[183] Narayanan A, Sandberg L. The smooth muscle cell. III. Elastin synthesis in
arterial smooth muscle cell culture. J Cell Biol 1976;68:411e9.

[184] Eyre DR, Paz MA, Gallop PM. Cross-linking in collagen and elastin. Annu Rev
Biochem 1984;53:717e48.

[185] Debelle L, Alix AJ. The structures of elastins and their function. Biochimie
1999;81:981e94.

[186] Li B, Daggett V. Molecular basis for the extensibility of elastin. J Muscle Res
Cell Motil 2002;23:561e73.

[187] Urry DW, Parker TM. Mechanics of elastin: molecular mechanism of bio-
logical elasticity and its relationship to contraction. J Muscle Res Cell Motil
2002;23:543e59.

[188] Gosline J, Lillie M, Carrington E, Guerette P, Ortlepp C, Savage K. Elastic
proteins: biological roles and mechanical properties. Philos Trans R Soc Lond
B Biol Sci 2002;357:121e32.

[189] Hoeve C a, Flory PJ. The elastic properties of elastin. Biopolymers 1974;13:
677e86.

[190] Urry DW, Hugel T, Seitz M, Gaub HE, Sheiba L, Dea J, et al. Elastin: a repre-
sentative ideal protein elastomer. Philos Trans R Soc Lond B Biol Sci
2002;357:169e84.

[191] van Eldijk M, McGann C. Elastomeric polypeptides. Top Curr Chem
2012;310:71e116.

[192] Kakivaya SR, Hoeve CA. The glass point of elastin. Proc Natl Acad Sci U S A
1975;72:3505e7.

[193] Lillie MA, Gosline JM. The effects of hydration on the dynamic mechanical
properties of elastin. Biopolymers;29:1147e60.

[194] Samouillan V, André C, Dandurand J, Lacabanne C. Effect of water on the
molecular mobility of elastin. Biomacromolecules 2004;5:958e64.

[195] Vrhovski B, Jensen S, Weiss AS. Coacervation characteristics of recombinant
human tropoelastin. Eur J Biochem 1997;250:92e8.

[196] Van Hest JCM, Tirrell DA. Protein-based materials, toward a new level of
structural control. Chem Commun; 2001:1897e904.

[197] Urry D, Luan C, Parker T. Temperature of polypeptide inverse temperature
transition depends on mean residue hydrophobicity. J Am Chem Soc; 1991:
4346e8.

[198] Kaibara K, Sakai K, Okamoto K, Uemura Y, Miyakawa K, Kondo M. Alpha-
elastin coacervate as a protein liquid membrane: effect of pH on trans-
membrane potential responses. Biopolymers 1992;32:1173e80.

[199] Bellingham CM, Woodhouse KA, Robson P, Rothstein SJ, Keeley FW. Self-
aggregation characteristics of recombinantly expressed human elastin
polypeptides. Biochim Biophys Acta 2001;1550:6e19.

[200] Urry DW. On the molecular mechanisms of elastin coacervation and coac-
ervate calcification. Faraday Discuss Chem Soc; 1976:205e12.

[201] Keeley FW, Bellingham CM, Woodhouse KA. Elastin as a self-organizing
biomaterial: use of recombinantly expressed human elastin polypeptides
as a model for investigations of structure and self-assembly of elastin. Philos
Trans R Soc Lond B Biol Sci 2002;357:185e9.

[202] Urry D, Long M, Cox B. The synthetic polypentapeptide of elastin coacervates
and forms filamentous aggregates. Biochim Biophys Acta 1974;371:597e
602.

[203] Bressan GM, Pasquali-Ronchetti I, Fornieri C, Mattioli F, Castellani I, Volpin D.
Relevance of aggregation properties of tropoelastin to the assembly and
structure of elastic fibers. J Ultrastruct Mol Struct Res 1986;94:209e16.

[204] Partridge S, Davis H, Adair G. The chemistry of connective tissues. 2.
Soluble proteins derived from partial hydrolysis of elastin. Biochem J
1955;61:11e21.

[205] Urry D. Physical chemistry of biological free energy transduction as
demonstrated by elastic protein-based polymers. J Phys Chem B 1997;5647:
11007e28.

[206] Wright ER, McMillan RA. Thermoplastic elastomer hydrogels via self-
assembly of an elastin-mimetic triblock polypeptide. Adv Funct Mater
2002;12:149e54.

[207] Mithieux SM, Rasko JEJ, Weiss AS. Synthetic elastin hydrogels derived from
massive elastic assemblies of self-organized human protein monomers.
Biomaterials 2004;25:4921e7.

[208] Herrero-Vanrell R, Rincón a C, Alonso M, Reboto V, Molina-Martinez IT,
Rodríguez-Cabello JC. Self-assembled particles of an elastin-like polymer as
vehicles for controlled drug release. J Control Release 2005;102:113e22.

[209] Bellingham C, Lillie M, Gosline J. Recombinant human elastin polypeptides
self-assemble into biomaterials with elastin-like properties. Biopolymers
2003;70:445e55.

[210] Reguera J, Fahmi A, Moriarty P. Nanopore formation by self-assembly of the
model genetically engineered elastin-like polymer
[(VPGVG)2(VPGEG)(VPGVG)2]15. J Am Chem Soc 2004;126:13212e3.

[211] Welsh ER, Tirrell DA. Engineering the extracellular matrix: a novel approach
to polymeric biomaterials. I. Control of the physical properties of artificial
protein matrices designed to support adhesion of vascular endothelial cells.
Biomacromolecules 2000;1:23e30.

[212] Martino M, Tamburro AM. Chemical synthesis of cross-linked poly(KGGVG),
an elastin-like biopolymer. Biopolymers 2001;59:29e37.

[213] McMillan RA, Caran KL, Apkarian RP, Conticello VP. High-resolution topo-
graphic imaging of environmentally responsive, elastin-mimetic hydrogels.
Macromolecules 1999;32:9067e70.

[214] Di Zio K, Tirrell DA. Mechanical properties of artificial protein matrices
engineered for control of cell and tissue behavior. Macromolecules 2003;36:
1553e8.

http://refhub.elsevier.com/S0142-9612(14)00476-1/sref148
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref148
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref148
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref149
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref149
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref149
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref149
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref149
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref150
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref150
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref150
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref150
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref151
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref151
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref151
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref151
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref152
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref152
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref152
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref153
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref153
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref153
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref154
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref154
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref155
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref155
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref155
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref155
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref156
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref156
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref156
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref156
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref157
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref157
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref157
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref157
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref157
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref158
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref158
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref158
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref159
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref159
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref159
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref159
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref160
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref160
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref160
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref161
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref161
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref161
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref162
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref162
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref162
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref163
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref163
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref163
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref163
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref163
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref164
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref164
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref164
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref165
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref165
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref165
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref165
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref166
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref166
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref166
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref167
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref167
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref167
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref168
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref168
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref168
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref168
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref169
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref169
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref169
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref170
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref170
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref170
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref171
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref171
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref171
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref172
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref172
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref172
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref173
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref173
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref173
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref173
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref174
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref174
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref174
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref175
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref175
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref175
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref176
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref176
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref176
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref177
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref177
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref177
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref178
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref178
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref179
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref179
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref179
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref180
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref180
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref180
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref181
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref181
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref181
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref181
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref182
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref182
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref182
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref182
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref183
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref183
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref183
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref184
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref184
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref184
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref185
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref185
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref185
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref186
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref186
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref186
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref187
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref187
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref187
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref187
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref188
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref188
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref188
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref188
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref189
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref189
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref189
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref190
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref190
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref190
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref190
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref191
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref191
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref191
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref192
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref192
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref192
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref193
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref193
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref193
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref194
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref194
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref194
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref195
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref195
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref195
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref196
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref196
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref196
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref196
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref197
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref197
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref197
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref197
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref198
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref198
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref198
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref198
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref199
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref199
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref199
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref200
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref200
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref200
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref200
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref200
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref201
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref201
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref201
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref202
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref202
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref202
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref202
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref203
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref203
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref203
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref203
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref204
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref204
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref204
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref204
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref205
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref205
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref205
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref205
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref206
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref206
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref206
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref206
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref207
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref207
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref207
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref207
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref208
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref208
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref208
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref208
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref209
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref209
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref209
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref209
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref209
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref209
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref209
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref210
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref210
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref210
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref210
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref210
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref211
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref211
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref211
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref212
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref212
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref212
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref212
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref213
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref213
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref213
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref213


R. Silva et al. / Biomaterials 35 (2014) 6727e67386738
[215] McMillan RA, Conticello VP. Synthesis and characterization of elastin-
mimetic protein gels derived from a well-defined polypeptide precursor.
Macromolecules 2000;33:4809e21.

[216] Leach JB, Wolinsky JB, Stone PJ, Wong JY. Crosslinked alpha-elastin bio-
materials: towards a processable elastin mimetic scaffold. Acta Biomater
2005;1:155e64.

[217] Nowatzki PJ, Tirrell DA. Physical properties of artificial extracellular matrix
protein films prepared by isocyanate crosslinking. Biomaterials 2004;25:
1261e7.

[218] Trabbic-Carlson K, Setton LA, Chilkoti A. Swelling and mechanical behaviors
of chemically cross-linked hydrogels of elastin-like polypeptides. Bio-
macromolecules 2003;4:572e80.

[219] Lim DW, Nettles DL, Setton LA, Chilkoti A. Rapid cross-linking of elastin-like
polypeptides with (hydroxymethyl)phosphines in aqueous solution. Bio-
macromolecules 2007;8:1463e70.

[220] Annabi N, Mithieux SM, Boughton EA, Ruys AJ, Weiss AS, Dehghani F. Syn-
thesis of highly porous crosslinked elastin hydrogels and their interaction
with fibroblasts in vitro. Biomaterials 2009;30:4550e7.

[221] Annabi N, Mithieux SM, Weiss AS, Dehghani F. The fabrication of elastin-
based hydrogels using high pressure CO2. Biomaterials 2009;30:1e7.

[222] Annabi N, Mithieux SM, Weiss AS, Dehghani F. Cross-linked open-pore
elastic hydrogels based on tropoelastin, elastin and high pressure CO2. Bio-
materials 2010;31:1655e65.

[223] Mithieux SM, Tu Y, Korkmaz E, Braet F, Weiss AS. In situ polymerization of
tropoelastin in the absence of chemical cross-linking. Biomaterials 2009;30:
431e5.

[224] Megeed Z, Cappello J, Ghandehari H. Genetically engineered silk-elastin like
protein polymers for controlled drug delivery. Adv Drug Deliv Rev 2002;54:
1075e91.

[225] Tu Y, Mithieux SM, Annabi N, Boughton EA, Weiss AS. Synthetic elastin
hydrogels that are coblended with heparin display substantial swelling,
increased porosity, and improved cell penetration. J Biomed Mater Res A
2010;95:1215e22.

[226] Hagel V, Mateescu M, Southan A, Wegner SV, Nuss I, Haraszti T, et al. Des-
mosine-inspired cross-linkers for hyaluronan hydrogels. Sci Rep 2013;3:
2043.

[227] Weis-Fogh T. Molecular interpretation of the elasticity of resilin, a rubber-
like protein. J Mol Biol 1961;3:648e67.

[228] Weis-Fogh T. Thermodynamic properties of resilin, a rubber-like protein.
J Mol Biol 1961;3:520e31.

[229] Burrows M, Shaw SR, Sutton GP. Resilin and chitinous cuticle form a com-
posite structure for energy storage in jumping by froghopper insects. BMC
Biol 2008;6:41.

[230] Bennet-Clark HC, Lucey EC. The jump of the flea: a study of the energetics
and a model of the mechanism. J Exp Biol 1967;47:59e67.

[231] Weis-fogh BYT. A rubber-like protein in insect cuticle. J Exp Biol 1960;37:
889e907.

[232] Bennet-Clark H. The first description of resilin. J Exp Biol 2007;21:
3879e81.

[233] Elvin CM, Carr AG, Huson MG, Maxwell JM, Pearson RD, Vuocolo T, et al.
Synthesis and properties of crosslinked recombinant pro-resilin. Nature
2005;437:999e1002.

[234] Qin G, Lapidot S, Numata K, Hu X, Meirovitch S, Dekel M, et al. Expression,
cross-linking, and characterization of recombinant chitin binding resilin.
Biomacromolecules 2009;10:3227e34.

[235] Ardell DH, Andersen SO. Tentative identification of a resilin gene in
Drosophila melanogaster. Insect Biochem Mol Biol 2001;31:965e70.

[236] K Bailey TW-F. Amino acid composition of a new rubber-like protein, resilin.
Biochim Biophys Acta 1961;15:452e9.

[237] Tamburro AM, Panariello S, Santopietro V, Bracalello A, Bochicchio B, Pepe A.
Molecular and supramolecular structural studies on significant repetitive
sequences of resilin. Chembiochem 2010;11:83e93.
[238] Nairn KM, Lyons RE, Mulder RJ, Mudie ST, Cookson DJ, Lesieur E, et al.
A synthetic resilin is largely unstructured. Biophys J 2008;95:3358e65.

[239] Bochicchio B, Pepe A, Tamburro AM. Reviewarticle investigating by CD the
molecular mechanism of elasticity of elastomeric proteins. Chirality
2008;994:985e94.

[240] Li Linqing, Charati Manoj B, Kiick KL. Elastomeric polypeptide-based bio-
materials. J Polym Sci A Polym Chem 2010;1:1160e70.

[241] Qin G, Hu X, Cebe P, Kaplan DL. Mechanism of resilin elasticity. Nat Commun
2012;3:1003.

[242] Lyons RE, Lesieur E, Kim M, Wong DCC, Huson MG, Nairn KM, et al. Design
and facile production of recombinant resilin-like polypeptides: gene con-
struction and a rapid protein purification method. Protein Eng Des Sel
2007;20:25e32.

[243] Dutta NK, Truong MY, Mayavan S, Choudhury NR, Elvin CM, Kim M, et al.
A genetically engineered protein responsive to multiple stimuli. Angew
Chem Int Ed Engl 2011;50:4428e31.

[244] Kim M, Elvin C, Brownlee A, Lyons R. High yield expression of recombinant
pro-resilin: lactose-induced fermentation in E. coli and facile purification.
Protein Expr Purif 2007;52:230e6.

[245] Renner JN, Kim Y, Cherry KM, Liu JC. Modular cloning and protein expression
of long, repetitive resilin-based proteins. Protein Expr Purif 2012;82:90e6.

[246] Dutta NK, Choudhury NR, Truong MY, Kim M, Elvin CM, Hill AJ. Physical
approaches for fabrication of organized nanostructure of resilin-mimetic
elastic protein rec1-resilin. Biomaterials 2009;30:4868e76.

[247] Truong MY, Dutta NK, Choudhury NR, Kim M, Elvin CM, Nairn KM, et al. The
effect of hydration on molecular chain mobility and the viscoelastic behavior
of resilin-mimetic protein-based hydrogels. Biomaterials 2011;32:8462e73.

[248] Charati MB, Ifkovits JL, Burdick JA, Linhardt JG, Kiick LK. Hydrophilic elas-
tomeric biomaterials based on resilin-like polypeptides. Soft Matter 2010;5:
3412e6.

[249] Liu JC, Heilshorn SC, Tirrell DA. Comparative cell response to artificial
extracellular matrix proteins containing the RGD and CS5 cell-binding do-
mains. Biomacromolecules 2004;5:497e504.

[250] Heilshorn SC, Liu JC, Tirrell DA. Cell-binding domain context affects cell
behavior on engineered proteins. Biomacromolecules 2005;6:318e23.

[251] Liu JC, Tirrell DA. Cell response to RGD density in cross-linked artificial
extracellular matrix protein films. Biomacromolecules 2008;9:2984e8.

[252] Hersel U, Dahmen C, Kessler H. RGD modified polymers: biomaterials for
stimulated cell adhesion and beyond. Biomaterials 2003;24:4385e415.

[253] Nagase H, Fields GB. Human matrix metalloproteinase specificity studies
using collagen sequence-based synthetic peptides. Biopolymers 1996;40:
399e416.

[254] Liu S, Zhou F, Höök M, Carson DD. A heparin-binding synthetic peptide of
heparin/heparan sulfate-interacting protein modulates blood coagulation
activities. Proc Natl Acad Sci U S A 1997;94:1739e44.

[255] Li L, Teller S, Clifton RJ, Jia X, Kiick KL. Tunable mechanical stability and
deformation response of a resilin-based elastomer. Biomacromolecules
2011;12:2302e10.

[256] Qin G, Rivkin A, Lapidot S, Hu X, Preis I, Arinus SB, et al. Recombinant
exon-encoded resilins for elastomeric biomaterials. Biomaterials 2011;32:
9231e43.

[257] Renner JN, Cherry KM, Su RS-C, Liu JC. Characterization of resilin-based
materials for tissue engineering applications. Biomacromolecules 2012;13:
3678e85.

[258] Li L, Tong Z, Jia X, Kiick K. Resilin-like polypeptide hydrogels engineered for
versatile biological function. Soft Matter 2013;9:665e73.

[259] McGann CL, Levenson EA, Kiick KL. Resilin-based hybrid hydrogels for car-
diovascular tissue engineering. Macromolecules 2013;214:203e13.

[260] Su RS-C, Kim Y, Liu JC. Resilin: protein-based elastomeric biomaterials. Acta
Biomater; 2013:15920.

[261] NG KW, Wang S, Taraballi F. Method for encapsulating living cells in a
keratin-containing hydrogel. WO2013012397 A1; 2013.

http://refhub.elsevier.com/S0142-9612(14)00476-1/sref214
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref214
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref214
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref214
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref215
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref215
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref215
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref215
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref216
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref216
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref216
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref216
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref217
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref217
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref217
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref217
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref218
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref218
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref218
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref218
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref219
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref219
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref219
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref219
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref220
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref220
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref220
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref220
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref221
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref221
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref221
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref221
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref221
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref222
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref222
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref222
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref222
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref223
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref223
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref223
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref223
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref224
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref224
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref224
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref224
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref224
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref225
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref225
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref225
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref226
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref226
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref226
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref227
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref227
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref227
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref228
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref228
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref228
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref229
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref229
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref229
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref230
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref230
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref230
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref231
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref231
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref231
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref232
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref232
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref232
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref232
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref233
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref233
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref233
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref233
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref234
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref234
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref234
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref235
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref235
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref235
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref236
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref236
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref236
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref236
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref237
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref237
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref237
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref238
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref238
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref238
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref238
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref239
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref239
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref239
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref240
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref240
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref241
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref241
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref241
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref241
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref241
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref242
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref242
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref242
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref242
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref243
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref243
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref243
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref243
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref244
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref244
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref244
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref245
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref245
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref245
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref245
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref246
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref246
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref246
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref246
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref247
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref247
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref247
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref247
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref248
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref248
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref248
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref248
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref249
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref249
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref249
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref250
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref250
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref250
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref251
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref251
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref251
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref252
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref252
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref252
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref252
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref253
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref253
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref253
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref253
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref254
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref254
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref254
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref254
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref255
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref255
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref255
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref255
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref256
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref256
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref256
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref256
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref257
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref257
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref257
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref258
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref258
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref258
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref259
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref259
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref260
http://refhub.elsevier.com/S0142-9612(14)00476-1/sref260

	Fibrous protein-based hydrogels for cell encapsulation
	1 Introduction
	2 Biopolymer-gels based on fibrous proteins: general considerations
	3 Silk fibroin
	4 Keratins
	5 Elastin
	6 Resilin
	7 Final remarks and future perspectives
	Acknowledgments
	References


