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Abstract

Biomaterials derived from protein-based block copolymers are increasingly investigated for
potential application in medicine. In particular, recombinant elastin block copolymers provide
significant opportunities to modulate material microstructure and can be processed in various
forms, including particles, films, gels, and fiber networks. As a consequence, biological and
mechanical responses of elastin-based biomaterials are tunable through precise control of block
size and amino acid sequence. In this review, the synthesis of a set of elastin-mimetic triblock
copolymers and their diverse processing methods for generating material platforms currently
applied in medicine will be discussed.

1. Introduction

Recombinant elastin-mimetic protein polymers have recently emerged as a promising class
of biomaterial in a number of biomedical applications. The ability to form as a variety of
platforms such as gels [1-3], films [4,5], or nanofibers [6,7] demonstrate the versatility of
these protein polymers with significant potential applications in medicine, including drug
delivery [1,8,9], or as implants and coatings of medical devices [10,11].

Elastin, along with collagen, is a major protein component of extracellular matrix (ECM),
which is found in many tissues such as skin, lung, artery, ligament and cartilage. Native
elastin is composed of elastomeric domains and crosslinking domains. The elastomeric
domains are rich in hydrophobic amino acids, and have repetitive tetra-, penta-, and
hexapeptides sequences, including VPGG, VPGVG, and APGVGV, respectively. The
crosslinking domains are rich in alanines and lysines, which are involved in the crosslinking
reactions. Native elastin is an extremely insoluble matrix protein and forms fiber networks
due to interaction between hydrophobic segments. Pentapeptide, Val-Pro-Gly-Val-Gly, is a
common repeat unit within the elastomeric domain that is responsible for viscoelastic
properties. Genetic engineering has made it possible to create novel recombinant elastin-
mimetic protein polymers composed of pentapeptide repeats, [Val-Pro-Xaa-Yaa-Gly],
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(where Xaa is Glycine or Alanine and Yaa can be any amino acid besides proline,
respectively), that can undergo reversible, temperature-dependent, hydrophobic assembly
from aqueous solution in analogy to the phase behavior of native elastin [12-15]. The self-
assembling process results in spontaneous phase separation of the protein polymers above a
lower critical solution temperature (LCST), which coincides with a conformational
rearrangement of the local secondary structure within the pentapeptide motifs. Spectroscopic
analysis has demonstrated that the pentameric sequence units undergo a conformational
transition from a random coil to B-turns as the temperature approaches the transition
temperature (T¢) [13,16]. Substitution of the third amino acid residue of the repeat sequence
(Gly to Ala) results in a change of the mechanical response of the material from elastic to
plastic. Additionally, amino acid substitution of the fourth position modulates the
temperature-dependent phase behavior of the material [17]. These tunable properties lead to
the generation of recombinant elastin-mimetic protein polymers that can serve as promising
biomaterials for tissue engineering and biomedical applications.

Another strategy to change the properties of elastin-mimetic biomaterials is to design protein
multiblock copolymers through genetic engineering of elastin-mimetic polypeptides. The
design framework for this new class of elastin-mimetic block copolymer is derived from
previous pioneering investigations of pentapeptide repeats [1,2]. We are particularly
interested in elastin-mimetic triblock copolymers composed of identical hydrophobic
endblocks separated by a central hydrophilic block in which individual blocks show
different mechanical, and phase separation properties. In a manner similar to that observed
for synthetic block copolymers, the size and chemical properties of individual blocks,
especially the midblock, represent important variables in tuning material properties of
protein-based block copolymers [18]. In this article, we will review the synthesis and related
processing methodologies for elastin-mimetic triblock copolymers and present potential
applications of these biomaterials in medicine.

2. Design and synthesis of elastin-mimetic block copolypeptides

2.1. Elastin-mimetic polypeptides

A variety of the pentapeptide repeat derived from elastomeric or plastic sequence [lle/Val-
Pro-(Xaa)-(Yaa)-Gly] exhibits tunable mechanical and thermodynamic properties that rely
upon amino acid substitution in a position-specific manner (Table 1). We have recently
employed these elastin-mimetic polypeptides for the construction of triblock copolymers,
which have robust viscoelastic and mechanical responses [3-5,7,10,19]. The elastomeric
polypeptide (E) is derived from combination of the pentapeptide sequences of [Vall-Pro2-
Gly3-(YYaa)4-Gly5] format, in which the fourth residue is responsible for the transition
temperature (T) of the polypeptide. Incorporation of glutamic acid significantly increases
values of T; in aqueous solutions. Compared with E4, transition temperatures of E1-3 in a
dilute aqueous protein solution are not observed at temperatures as high as 75°C due to the
presence of polar residues. The plastic polypeptide, [(Ile/Val)1-Pro2-Ala3-Val4-Gly5], is
derived from the parent (Vall-Pro2-Gly3-Va4l-Gly5) pentapeptide sequence which displays
dramatic changes in the macromolecular properties, particularly mechanical behavior and
structure, between the two protein polymers. First, significant differences were observed in
mechanical response between the y-irradiation crosslinked hydrogel materials derived from
the two pentapeptide repeat sequences, X29-poly(GVGVP) and -poly(AVGVP). Young's
modulus of the latter polypeptide is 2.0x108 dynes/cm?, which is approximately two orders
of magnitude greater than that of the former polypeptide (1.0x108 dynes/cm?2) [20]. In
addition, Reguera et al. have demonstrated through DSC and turbidity experiments that
poly(VPAVG) displayed a significant hysteresis behavior during heating and cooling
process (AT = 25 °C) in which restoration to the soluble state of the protein polymer
required a high under-cooling (T; = 6 °C for cooling) [21]. It also has a different enthalpy
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value (4H) for heating (34 J g'1) and cooling (66 — 91 J g'1). In contrast, the elastomeric
polypeptide, poly(VPGVG), shows reversible behavior in which the transition temperature
and the enthalpy values are almost identical during heating and cooling cycles. The
structural difference between the two polypeptides is correlated with the observed difference
in reversibility of the phase transition. NMR, ATR FTIR and Raman studies of
poly(VPAVG) indicate that the Pro-Ala sequence motif forms a p-turn structure, but the
other residues not involved in B-turn formation form a p-sheet structure through the
hydrogen bonding interactions that can more stabilize the plastic polypeptide under cooling
than the elastomeric polypeptide. Above difference in macromolecular properties could be
used for design and synthesis of elastin-mimetic block copolymers comprised of blocks
derived from the elastomeric and plastic sequences that have similar properties to synthetic
thermoplastic elastomers [2-7,18]. An alteration in mechanical response of elastomeric
polypeptides can be achieved by replacing glycine in the third position with alanine having
an additional methyl group, which results in mechanical responses of a plastic-like nature.
The plastic polypeptide (P) is relatively less diverse and derived from one of the
pentapeptide sequences [(lle/Val)1-Pro2-Ala3-Val4-Gly5] or their combination.

2.2. Elastin-mimetic triblock copolymers

The rational design strategy for elastin-mimetic amphiphilic block copolymers was derived
from prior investigations [12-15,17]. Specifically, one block comprised of
[(VPGAG),(VPGEG)(VPGAG),] repeats displays elastomeric behavior and is hydrophilic
due to the presence of glutamic acid that is chargeable at physiological pH, while the other
block containing [(I/V)PAVG] repeats displays thermoplastic behavior and consists of non-
polar, hydrophobic residues. Synthetic block copolymers composed of hydrophilic and
hydrophobic segments display phase separation behavior due to the solubility differences in
aqueous solution [18]. In a similar manner, protein-based block copolymers composed of
individual blocks having different mechanical properties and chemical polarity, can undergo
phase separation from aqueous solution, which subsequently results in self-assembly of
identical blocks. We have recently described the synthesis of a series of elastin-mimetic di-
(P-P) and triblock (PEP) copolymers composed of a hydrophilic elastomeric block (E) and
hydrophobic endblocks (P) that display plastic-like mechanical responses (Table 2)
[3-5,7,10,19].

2.2.1. Elastin-mimetic triblock copolymers without crosslinking domain—We
have synthesized recombinant elastin-mimetic triblock copolymers incorporating identical
end blocks of hydrophobic plastic sequence separated by a central hydrophilic elastomeric
block, which distinct phase transitions and mechanical responses for each of the block types
[3]. These materials have capacity to form physical crosslinks through microphase
separation with formation of stable protein network structure through the self-assembly of
hydrophobic endblocks above their transition temperature. The synthetic strategy and
method of for assembly of a concatamerized gene encoding elastomeric or plastic block
have been described by Wright et al. in a prior review [1]. In brief, convergent assembly of
triblock copolymers from plasmids containing individual plastic (P) and elastomeric (E)
blocks is outlined in Figure 1. The pair of recombinant plasmids pPN and pPC encoding the
N-terminal and C-terminal plastin blocks, respectively, was digested with restriction
enzymes, SexA | and Xma | to afford two fragments. Ligation of the fragment from pPN and
the fragment from pPC afforded the recombinant plasmid pPP, which encodes plastin
diblock with a single SexA I restriction site separating into two P blocks. Plasmid pPP was
then cleaved by restriction enzyme SexA | that enables the insertion of a variety of central
elastomeric blocks. Subsequently a concatemer encoding the elastomeric repeat sequence, E,
was inserted into the compatible SexA | site of pPP to afford a plasmid, pPEP, encoding an
elastin-mimetic triblock protein polymer.
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2.2.2. Elastin-mimetic triblock copolymers with crosslinking domain—Although
elastin-mimetic block copolymers form physical crosslinks by self-assembly of hydrophobic
blocks [4,5], physical networks may be deformed when subject to an external stress. Thus,
potential limitations may exist in the application of elastin-based materials, solely stabilized
by physical crosslinks, in tissue engineering or regenerative medicine. Thus, we have
postulated that a chemically crosslinked triblock protein polymer may provide a strategy to
maintain morphological integrity and enhance the mechanical response of materials under
external loading forces. Tropoelastin occurs in its native form as elastic fiber networks
enzymatically crosslinked through lysine residues [22,23]. Likewise, introduction of lysine
residues into elastin-mimetic protein polymers provides free reactive amines for crosslinking
using a variety of approaches. Characteristically, crosslinking of elastin-based biomaterials
has been investigated via use of gamma irradiation [13,24], enzymes [25] and chemical
crosslinkers, including isocyanates, glutaraldehyde, hydroxymethylphosphine, and genipin
[24,26-30].

We have recently designed and synthesized a new class of recombinant elstin-mimetic
triblock copolymers, LysB10 and R4 containing lysine residues between each plastic and
elastomeric blocks (HoN-K-P-KAAK-E-KAAK-P-KAAK) (Fig. 2) [19]. LysB10 was
designed with two identical hydrophobic endblocks, consisting of 33 repeats of the plastic
pentapeptide sequence, [IPAVG], separated by hydrophilic midblock consisting of 28
repeats of the elastomeric pentapeptide sequence, [(VPGVG),(VPGEG)(VPGVG)]. In
addition, R4 was designed with two identical hydrophobic endblock, consisting of 16
repeats of the plastic pentapeptide sequence, [IPAVG], separated by more hydrophobic
midblock, consisting of 15 repeats of the elastomeric pentapeptide sequence, [VPGIG].
While both midblocks would display elastomeric behavior when chemically cross-linked,
the transition temperature of midblock of R4 is significantly different from that of LysB10
due to the incorporation of hydrophobic residue, isoleucine, in which R4 is considered as
predominantly hydrophobic polymer. We employed two lysine-containing polylinkers that
can introduce two free amines at ends of each block. The lysine insert (1) encodes the
crosslinking sequence, K-A-A-K, which is inserted between the plastic and elastomeric
blocks. The lysine adaptor (A) encodes a single N-terminal lysine residue (HoN-VPAVG-K)
and two C-terminal lysine residues (K-A-A-K). Plasmids containing the lysine insert and
lysine adaptor are designated as pl and pA, respectively.

Concatamers encoding the plastic block, P, were inserted into respective restriction sites,
Bbs I and BsmB I, of pl to afford two plasmids, pIP and pPI1. Analogously, elastomeric
concatamers, E, were inserted into the BsmB | site of the lysine insert in the pPI to afford a
diblock plasmid, pPIE. Two plasmids were constructed from pl, such that the order of the
restriction sites, Bbs | and BsmB I, respectively, employed for the insertion of the plastic
concatamer, P. The two recombinant plasmids pIP and pPIE were digested with Bbs I/Xma
I and BsmB I/Xma I, respectively, to afford two fragments containing plastin blocks to be
ligated each other. As the restriction site Xma | digests within the Zeocin coding region of
pZErO-1, only clones containing the correctly assembled triblock ensure the selective
propagation of ligation products. Ligation of the fragment from pIP and the fragment from
pPIE afforded the recombinant plasmid pPIEIP, which encoded triblock copolymer with
lysine domains between plastic and elstomeric blocks. The triblock gene, PIEIP, was
inserted into a single BsmB I site within the lysine adaptor of plasmid, pA, to afford the final
triblock gene product with lysine crosslinking domains, pAPIEIPA (Fig. 3).

3. Drug delivery applications

A variety of drug delivery platforms, such as nano/microparticles [31-33], hydrogels
[34-36], and films [37-40], have been developed from synthetic block copolymers for the
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purpose of local and controlled delivery of bioactive molecules. Synthetic block copolymers
with distinct block polarity can self-assemble into a range of supramolecular structures that
facilitate the loading of hydrophobic drugs into local hydrophobic microenvironments.
Likewise, elastin-mimetic triblock copolymers undergo phase separation through self-
assembly of hydrophobic plastic blocks to afford the formation of hydrophobic aggregates
ranging in dimensions from the nano- to the micron scale. The phase transition can be
readily modulated by variation of size, composition and sequence of the polypeptides that
comprise the blocks, which enables precise control of molecular self-assembly through
subtle changes in temperature, pH, and ionic strength of the aqueous solution. Nature of the
aggregates can be varied from discrete nanoparticles to extended networks through
appropriate choice of the block copolymer architecture. In addition, diverse platforms,
including micellar nanoparticles [41], hydrogels [42] and films [3] that incorporate drugs
can be formed through appropriate processing of these materials. Amphiphilic elastin-
mimetic triblock copolymers hold significant promise as drug delivery vehicles. However,
the use of these materials for direct medical applications still remains unexplored.

Polymeric micelles can be formed through the self-assembly of amphiphilic block
copolymers to form a compact core surrounded by hydrophilic shell, into diverse structures
including rods, cylinders, spheres and vesicles [43-46]. Micellar nano- and microparticle
systems have recently been of significant interest for both drug delivery and bioimaging
applications. Most elastin-mimetic micelles reported so far are based on amphiphilic diblock
copolymer systems comprised of hydrophilic block and hydrophobic block to form spherical
nanoparticle [1,47]. In our own studies, the elastin-mimetic triblock copolymer, B9, was
synthesized with a transition temperature of ~21°C [3,41]. Dynamic light scattering (DLS)
measurements of dilute solutions of B9 demonstrated a monodisperse size distribution
consistent with a spherical shape with an Ry ranging between 90 and 120 nm (Fig. 4).
Comparison of Ry values of protein micelles formed at low and high temperature revealed
the presence of thermally sensitive size trigger, such that micelles decreased in size upon
temperature elevation. Similarly, D'Souza et al have reported the micelle formation of dilute
C5 triblock copolymer solutions with Ry value of 75 nm measured by DLS at 15 °C [48].

Encapsulation of a hydrophobic molecule within the micelle core was confirmed using a
polarity-sensitive fluorescent hydrophobic molecule, pyrene [46]. A significant
enhancement of fluorescent intensity of pyrene was obtained when the solution temperature
was increased from 15 to 30 °C consistent with the formation of an increasingly
hydrophobic core. Given the potential of protein-based block copolymer systems to provide
a biocompatible and biodegradable vehicle for drug delivery [1,41,42,47-50], it is possible
to envision the use of stimuli responsive micelles as targeted drug delivery systems for
pharmacological and cosmetic applications.

3.2. Injectable gels

Stimulus-responsive polymeric materials have been developed for drug delivery, cell
encapsulation and tissue engineering in a variety of platforms. Among them, temperature-
responsive polymers exhibiting a lower critical solution temperature (LCST) are attractive as
injectable materials [51-53]. The most widely used and well-known temperature-responsive
polymers are poly(N-isopropylacrylamide) (pbNIPAAm)-based block copolymers and the
poloxamer (Pluronics®). They can be injected as solutions mixed with drugs or cells below
the transition temperature of the polymer with gel formation at body temperature [34-36].

Elastin-mimetic polypeptides that undergo temperature-dependent phase transition facilitate
processing as injectable formats with various drugs. Adams et al. have recently examined
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elastin-like polypeptides (ELP) for sustained release of antibiotics, for use in orthopedic
applications [54]. The release of vancomycin was prolonged over 20 days and only 50% was
released. Shamiji et al. have developed ELPs for perineural injection that provided the
possibility for controlled release of immunomodulator therapeutics [55]. Hart et al. have
studied the release of model compounds, such as theophylline, vitamin B12 and ovalbumin
from a triblock copolymer, C5 [42].

We have demonstrated that elastin-mimetic triblock copolymers undergo reversible gelation
[2,5,7]. Above the gel point, the shear storage (G') and loss modulus (G”) increase while tan
d (G"/G') decreases, consistent with the formation of a viscoelastic hydrogel. We have
revealed that difference in midblock size and pentapeptide sequence critically affect on
viscoelastic and mechanical properties of the materials [5,7,19,56]. Elastin-mimetic triblock
copolymers, B9 and C5, were designed with identical elastomeric midblock sequences,
[(VPGVG),(VPGEG)(VPGVG),], and exactly same block length of two plastic endblocks
([(IPAVG)4(VPAVG)16IPAVG]), but the midblock length of B9 (n=48, n: number of
monomer unit) is 62 % longer than that of C5 (n=30). Rheological analysis of both gels has
shown that B9 exhibited an increase in viscosity compared to C5. Gel forming temperature
of B9 triblock copolymer (18 °C) is higher than that of C5 (14.8 °C). The tan & measured for
P-P diblock copolymer, which consists of two identical plastic endblocks divided by short
peptide consisting of two repeats of the elastomeric pentapeptide sequence, (VPGVG),, was
nearly four fold greater than that of B9 and ten fold than C5. The rheology data demonstrate
that elastin-mimetic triblock copolymer becomes more viscoelastic as midblock size is
larger. Likewise, to further enhance the properties of these materials, changes in endblock
size resulted in significant changes in thermal and mechanical properties. Elastin-mimetic
triblock copolymer, B10, (n=33) was designed with nearly twice larger hydrophobic
endblocks than B9 (n=16), but exactly same midblock in size. Gel forming temperature of
concentrated solutions for B10 was five degrees lower than that for B9 in good agreement
with difference in the transition temperature of the dilute protein solutions due to an increase
in the endblock size. The rheological behavior of B10 solutions is different from that of B9.
The difference between values of shear storage and loss modulus for B10 was two orders of
magnitude less than that observed for B9. The decrease of tan & is consistent with formation
of a viscoelastic gel. In this regard, the mechanical properties of the injectable hydrogel and
the release rate of hydrophobic drugs, therapeutic proteins and genes for gene therapy
application may be controlled through changes in midblock size and endblock size as well.

Drug-eluting films can be used in a variety of medical applications. In such applications,
polymeric films containing drugs can be implanted as drug delivery system at specific sites
in the body. Controlling nano/microscale structure of the films provides a means to tailor
drug release [37]. Examples for drug-eluting films include degradable biomedical devices
[57,58], film coatings on medical devices [38,39] and film-based implants [40]. The
potential versatility of elastin-mimetic amphiphilic triblock copolymers for drug delivery
application can be expanded by processing the protein polymer into drug-loaded film by a
casting/solvent evaporation process [3]. Our investigations demonstrate that the generation
of large triblock protein polymers offers a unique opportunity to systematically modify
material microstructure on both nano- and meso-length scales with tailored mechanical
behavior and drug elution rates.

Mechanical behavior of the triblock B9 depends on processing conditions, including solvent,
temperature and pH (Figure 5). Conditions that promote phase separation afford materials
with greater elastomeric character or plastic character. Trifluoroethanol (TFE) solvates both
blocks, which promotes the interpenetration of blocks while water acts as a selective solvent
for the hydrophilic midblock, which results in phase separation of the hydrophobic
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endblocks. Additionally, mechanical properties of elastin-mimetic triblock copolymers are
dependent on the length of midblock. The observed difference in previous rheological
behavior of B9 and C5 hydrogels extends to uniaxial stress-strain behavior measured from
B9 and C5 films. For mechanical response only minor difference in Young's modulus
(0.03-0.05 MPa) and ultimate tensile strength (0.78-0.96 MPa) was observed while strain at
failure was strikingly increased for B9 films with larger midblock size than C5.

The mesoscopic morphology of hydrated B9 films in PBS cast from water and TFE was
imaged by cryo-HRSEM (Fig. 6). Interestingly, water cast films were characterized by an
open-cell microstructure with half-micron size pores, whereas TFE cast film featured fibrous
morphology. In TFE cast films, phase separation occurred prior to the film formation and
coalescence of particles led to the fiber-based morphology.

We have measured the release rate of a lipophilic hydrophobic drug from microphase
separated films of amphiphilic elastin-mimetic triblock copolymer, B9 (Fig. 7).
Sphingosine-1-phosphate (S1P) used as a model drug is a potent anti-inflammatory agent
composed of a long hydrocarbon chain and a charged head group and activates cell surface
G-protein coupled receptors (S1P receptors). The release rate of S1P from water-cast films
was approximately 30 fold higher than that from TFE-cast films due to differences in
process induced changes in microscale structure demonstrated by solid state NMR
spectroscopy.

4. Implant applications

4.1. Films

Elastin-based biomaterials have been processed as films [10,37-40], fibers [7,59], and
hydrogels [34-36,56] for a variety of implant applications.

Cardiovascular disease remains one of the leading causes of death in the United States. Two
major synthetic polymeric materials clinically used for vascular grafts are expanded
polytetrafluoroethylene (ePTFE) and Dacron. Although both synthetic grafts have
performed successfully for diameters larger than 6 mm, these devices remain limited for
small-diameter (4 mm) vascular applications due to thrombus formation and the
development of anastomotic intimal hyperplasia. Thus, the need for generating small-
diameter vascular graft has become increasingly important for vascular implant. To
overcome these problems, synthetic grafts have been coated with biocompatible materials,
such as albumin, heparin, and prostacyclin analogues that may inhibit platelet adhesion and
aggregation [60-63]. As one of the major structural components in the vascular wall, native
elastin has elastic properties and little platelet adhesion. Motivated by that observation,
elastin-based materials have been used as an alternative surface coating on synthetic
vascular grafts to improve long-term patency and function [11,64]. Ito et al have coated
Dacron vascular grafts with elastin with inhibition of smooth muscle cell migration that
contributes to intimal hyperplasia [65]. Woodhouse et al. reported coating a recombinant
human elastin polypeptide on the surface of catheters and demonstrated reduced platelet
deposition and activation in vitro and delayed catheter occlusion in vivo [11]. Our group
examined the blood contacting properties of an elastin-mimetic triblock copolymer, B9,
when coated as a thin film on the surface of a 4 mm diameter ePTFE vascular graft [10]. The
results of comparative studies among un-coated control, impregnated and coated grafts
demonstrate the fabrication of B9-coated ePTFE vascular grafts. Impregnation and coating
of B9 on ePTFE grafts have been monitored by Coomassie dye staining, water contact
angles, and high resolution SEM (HRSEM) (Fig. 8). For example, B9-coated sample was
well stained with the blue dye and remained stably after a constant flow of PBS buffer for a
day, whereas the control was not stained. HRSEM images after impregnation and coating
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suggest disappearance of fibril structure of un-coated ePTFE and development of an open-
cell microstructure after multi-layer coating. Vascular grafts with or without a luminal
coating of B9 were studied in baboons using an ex vivo femoral arteriovenous shunt model
in which surfaces were exposed to blood flow at 100 mL/min (Fig. 9A). Deposition of 111In-
labeled platelets was measured for a period of 1 hour [66]. In vivo studies demonstrated
minimal thrombogenicity when B9 is coated on the lumen of a small diameter vascular graft
in comparison with un-coated ePTFE grafts (Fig. 9B). A remarkable decrease in fibrinogen
adsorbed on the B9-coated grafts (0.03+0.02 mg/cm?) was observed (p<0.05) when
compared to un-coated control grafts (1.44+0.75 mg/cm?). As a result, this elastin-mimetic
triblock copolymer, B9, exhibited a strong potential for use as a thromboresistant coating for
small diameter vascular grafts. In addition, the results of our study indicate that elastin-
mimetic triblock copolymers in Table 2 would be a valuable vascular biomaterial for
implantable grafts. Successful implantable vascular graft material also requires cell adhesion
onto vascular grafts. Cell adhesion can be obtained by incorporating cell-binding sequences
into the elastin-mimetic sequences. Heilshorn et al. have demonstrated incorporation of the
cell-binding domains into elastin-like polypeptide (aECM protein) enabled the adhesion of
human vein endothelial cells (HUVEC) and cells were attached under stresses similar to the
in vivo system [67]. Nagapudi et al. have also confirmed that amphiphilic drugs could be
incorporated into B9 as an additional mechanism to control biological responses [3]. We
anticipate that elastin-mimetic triblock copolymers hold significant potential in a range of
implant applications, including synthetic vascular graft coatings and drug-eluting films
coated on medical devices, especially drug-eluting stent coating [39].

As biomaterials to fabricate artificial organs and engineered tissues, elastin provides a great
opportunity to effectively tailor targeted mechanical and biological behavior to obtain a
desired clinical response [68]. Its versatility as a scaffold material includes its ability to be
processed into fiber networks. Electrospinning is often used for preparing protein fibers with
diameters in the hundreds of nanometers [69]. The assembly of recombinant elastin fiber
networks provides an important new design strategy for generating tubular constructs for a
clinically durable small diameter arterial substitute. Huang et al. first demonstrated that
electrospining could be utilized to fabricate recombinant elastin-mimetic polypeptides
derived from pentameric repeat sequence [(VPGVG)4VPGKG] into nonwoven fabrics
consisting of fiber networks that mimic native elastin scaffolds [70]. Similarly,
electrospinning has been recently employed to fabricate 2-D and 3-D fiber networks from
elastin-mimetic triblock copolymer with fiber size dependent on processing conditions (Fig.
10). Tubular constructs have been produced by fiber deposition on a collecting mandrel with
controlled rotational and translational speeds. Of interest, thermal annealing at 60 °C has
been observed to changes the mechanical response of electrospun elastin protein polymer
networks with a two fold increase in Young's modulus (0.366+0.05 MPa) and 30 % in
tensile strength comparable to that within an arterial wall (Y ~0.3 MPa) [59,71].

4.3. Hydrogels

Hydrogels are complex 3-D network of polymer that are water-insoluble, but can highly
absorb water. For clinical applications, hydrogels can be used as implants in surgical
sutures, artificial organs, membranes, drug delivery systems and contact lenses. VVoldrich et
al have reported successful use of poly(glycol monomethacrylate) hydrogels as implants in
human with nasal plastic surgery [72]. Other examples include poly(methyl methacrylate)
(PMMA) for ocular implants, poly(lactide) and poly(glycolide) for surgical sutures and
silicone as breast implants. As clinical implants, hydrogels should have properties such as,
most importantly, biocompatibility, mechanical behavior and biodegradability of a polymer
scaffold. Similarly, the rate and extent of protein polymer biodegradation is essential in
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assessing the suitability of elastin-mimetic protein polymers for implant applications.
However, relatively few studies have characterized in vivo response to elastin or elastin-
mimetic biomaterials. Mithieux et al. demonstrated that after a 13-week period chemically
crosslinked recombinant human elastin subcutaneous implants were surrounded by a fibrous
capsule with a minimal to moderate inflammatory response [71]. Rincon et al. have recently
prepared microparticles derived from pentameric sequence poly(VPAVG) and evaluated
biocompatibility after subcutaneous and intravitreal injections. A significant inflammatory
response was not observed over a 1 month period [73]. Most recently, Mithieux et al. have
shown that recombinant human tropoelastin formed an irreversible hydrogel at pH 10
through association of spherical particles [74]. After subcutaneous injection, 2 weeks after
implantation the hydrogel was surrounded by a fibrous capsule with a mild inflammatory
response.

Our lab has synthesized several different types of elastin-mimetic triblock copolymers, B9,
LysB10, and R4, in which the latter two copolymers have chemically crosslinkable sites. In
designing those triblock copolymers, the midblock structure of R4 is significantly different
from two other triblocks. Despite the presence of an elastomeric midblock, the R4 midblock
is remarkably more hydrophobic than LysB10. As apparent by a considerably higher tan &
and complex viscosity, rheological analysis demonstrated that R4 gels were more
viscoelastic than LysB10 gels. This difference indicates that amino acid sequence of
midblock is also an important factor to determine the viscoelastic properties of the triblock
copolymers. Using these protein polymers, we generated hydrogels as in situ forming gels
for injection and as cylindrically cast gels for implants. In vivo responses for periods
exceeding one year were studied in a murine model. Injectable hydrogels can be locally
introduced using a syringe and gel at body temperature. They can serve as filler materials in
defect sites as well as serve to promote wound healing through the incorporation of
bioactive molecules, such as drugs, growth factors, and cells through mixing [75].
Moreover, in-situ gel forming and injectable triblock copolymers can serve as an embolic
agent for a minimally invasive, non-surgical procedure. The triblock hydrogels may be able
to apply to a blood vessel or vessel wall such as a wall rupture or aneurysms in a soluble
form that subsequently can form physically or chemically crosslinked hydrogels. Therefore,
the triblock hydrogel displaces or prevents further blood flow in a region. Injectable B9
hydrogels were implanted into either the subcutaneous space or the peritoneal cavity in a
mouse model to evaluate early in vivo responses (Fig. 11). After injection, samples in
subcutaneous and peritoneal locations were optically transparent. All implants were
surrounded by a thin fibrous capsule without cellular infiltration. Macrophages were present
along the periphery consistent with a mild inflammatory response. FACS analysis of
peritoneal lavage fluid demonstrated similar number and type of inflammatory cells when
compared to those mice without an implant.

Chemically crosslinkable triblock copolymer gels have also been produced as cylindrical
implants [19,56]. Over a 3-week period, implants retained their original structure and
demonstrated the presence of a mild inflammatory response with macrophages at the
periphery of the gels.

Evaluation of integrity for a physically crosslinked B9 hydrogel implanted subcutaneously
mice demonstrated a decrease in gel dimensions over a 1 year period through MR image
analysis (Fig. 12). During the first 2-3 months after implantation, cross-section area and gel
volume decreased by 30 to 40% with little change thereafter. The equilibrium water content
of the B9 hydrogel is approximately 82 % which is high water-content. At initial
implantation, water desorption from the hydrogel may cause the change in gel volume after
implantation. After a certain time point, water desorption equilibrium occurs and then the
volume change is not observed. At one year samples remained intact with limited
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inflammatory response, fibrous capsule formation, and cellular infiltration into gels. Cryo-
HRSEM of 1-year implants at the time of removal revealed that the microstructure of the gel
displayed an open-cell morphology similar to that observed before implantation.

5. Conclusions

Elastin-mimetic block copolymers are a promising new class of biomaterials for the drug
delivery and implant applications. These materials exhibit high level of biocompatibility and
a tunable range of biomechanical properties as a result of the precise control of pentapeptide
sequence, block sequence, and processing conditions. A variety of opportunities exists in the
processing of these protein polymers into nanoparticles, hydrogels, films or fibers for a
number of implant applications in orthopedics, as well as in plastics, cardiovascular, and
general surgery. These applications can be further extended by incorporating bioactive
drugs, proteins, and cells, within or onto the protein polymer network.
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Figure 1. Scheme for for generating a triblock protein polymer with physical crosslinking sites
Synthesis of genes encoding amphiphilic elastin-mimetic triblock copolymers by assembly
of a gene encoding a central hydrophilic block and identical plastic endblocks. (Reprinted
from [3] with permission of American Chemical Society)
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Figure 2. Representation of a triblock protein polymer with chemical and physical crosslinking
sites

Crosslinkable elastin-mimetic triblock copolymers containing eight free amines placed at the
end of each block that are available for chemical crosslinking. (Reprinted from [19] with
permission of Elsevier)
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Figure 3. Scheme for generating a triblock protein polymer with chemical and physical
crosslinking sites

Synthesis of gene encoding amphiphilic elastin-mimetic triblock copolymers with
crosslinking domain via assembly of each gene encoding a central hydrophilic block and
identical hydrophobic endblocks.

Adv Drug Deliv Rev. Author manuscript; available in PMC 2011 December 30.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Kim and Chaikof Page 17

350
300 Yo -
N Y
250 = 4 N
AR, ) el
o™ & S— £
% 5
i- Y
] /
B 1o e o R 2
g f;&" \ £
50 $% § S
y L
Low temperature High temperature

Temperature (°C)

Figure 4. Thermally responsive protein micelles regulated through a reversible switch in protein
secondary structure

(A) Scattering light intensity as a function of temperature and protein polymer
concentration. (B) Schematic representation for nanoparticle formation from elastin-mimetic
triblock copolymers in which size and core density of micelles show temperature-
dependency Figures adapted from [39]. (Reprinted from [41] with permission of American
Chemical Society)
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Figure 5. Uniaxial mechanical responses of elastin-mimetic protein polymer films
(A) Stress-strain curve for B9 films cast from water, TFE or NaOH at 5 and 23°C and
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rehydrated in PBS. (B) Hysteresis curves for B9 cast from water and TFE at 23°C.
(Reprinted from [3] with permission of American Chemical Society)
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Figure 6. Microstructure of elastin-mimetic triblock protein polymer hydrogels
Cryo-HRSEM micrographs of B9 films initially cast from water (A,B) or TFE (C,D) and
rehydrated in PBS at room temperature. (Reprinted from [3] with permission of American
Chemical Society)
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Figure 7. Elution rates of an amphiphilic compound from protein copolymer films

Drug release rates are dependent upon film processing conditions that influence protein
microstructure and microphase separation of protein blocks. The in vitro release profile is
presented for S1P from hydrated B9 films cast from water or TFE at room temperature.
(Reprinted from [3] with permission of American Chemical Society)
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Figure 8. An ePTFE vascular graft coated with an elastin-mimetic protein polymer

(A) Macroscopic photographs of unstained (left) and Coomassie-stained (right) graft
samples: plain ePTFE, after B9 impregnation, after multilayer B9 deposition, and after
exposure to PBS for 24 at 37°C at a defined flow rate. (B) SEM images of ePTFE vascular
grafts processed by critical point drying. (Reprinted from [10] with permission of Elsevier)
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Figure 9. Examination of the blood compatibility of small diameter (4 mm) ePTFE vascular
grafts coated with an elastin-mimetic protein polymer

(A) Schematic illustration of an ex vivo femoral arteriovenous shunt used to assess platelet
deposition in a baboon model [63]. (B) Platelet deposition normalized by surface area over a
60-min time period (n=6). (Reprinted from [10] with permission of Elsevier)
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Figure 10. Fabrication of a small diameter vascular graft from electrospun elastin-mimetic
protein polymers

SEM micrographs of fibers spun from a 10-wt% solution of B9 in TFE at a magnification of
(A) 1000x and (B) 10,000x%. Fiber networks produced from an electrospun recombinant
elastin-mimetic triblock copolymer. (Reprinted from [7] with permission of Elsevier) (C)
Cryo-HRSEM micrograph of fiber networks electrospun from a 12-wt% solution of B9 in
TFE. (D) A tubular conduit was fabricated from electrospun protein fibers using a rotating
mandrel as the collecting apparatus. (Reprinted from [59] with permission of Koninklijke
Brill)
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Figure 11. In vivo responses to elastin-mimetic protein polymer implants
Short-term host implant responses after (A) subcutaneous and (B) peritoneal injection of B9

in a mouse model. Subcutaneous implants were examined 3 weeks and peritoneal implants 1
week after implantation. (Reprinted from [56] with permission of Elsevier)
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Figure 12. Serial MR imaging of subcutaneous protein polymer implants over 1 year

(A) Representative serial images of B9 implants over a 1-year period. (B) Normalized
implant volumes and (C) implant cross-section areas were determined over a 1-year implant
period (n=7, mean + SD). (Reprinted from [56] with permission of Elsevier)
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Table 1
Transition temperatures for elastin-mimetic block sequences

Polypeptide sequence Transition temperature (Tt)Jr Mechanical property

El [(VPGVG),VPGEG(VPGVG),]5 >75°C

E2 [(VPGVG),VPGEG(VPGVG),]ss >75°C o

E3  [(VPGAG),VPGEG(VPGAG),]s >75°C lastomeric-ike
E4 [(VPGIG)s]is 16°C

P1  [(IPAVG),VPAVG(IPAVG),l:s 25°C

P2 [(IPAVG)s]33 21°C Plastic-like

P3 [(IPAVG)s]16 26°C

Page 26

TTt is for an aqueous solution at 1 mg/mL. The Tt of P1 is an estimate based on the measurement of Tt from a triblock copolymer system with
identical P1 endblocks separated by central E1 block [5].
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Table 2
Representative sequences of elastin-mimetic triblock copolymers

Triblock polypeptide sequence X1
C5 [VPAVG[(IPAVG)4(VPAVG)4IPAVG]- [(VPGVG),VPGEG(VPGVG),]5
VPGVG[X]VPGVG-
B9 [VPAVG[(IPAVG),(VPAVG)4IPAVG] [(VPGVG),VPGEG(VPGVG),]sg
B10 [(VPAVG](IPAVG),] [(IPAVG)s]s3-[X]- IPGAG(VPGAG)VPGEG(VPGAG),[(VPGA
[(VPAVG)(IPAVG)4][(IPAVG)5]33VPGVG G),VPGEG (VPGAG),]»0

LysB10 VPAVGKVPAVG[(VPAVG](IPAVG)[(IPAVG):lss(IPAV  IPAVGKAAK(VPGAG)[(VPGAG),VPGEG
G)-[XI-[(VPAVG)(IPAVG),][(IPAVG):]s3lPAVGKAAKA  (VPGAG),l,5(VPAVG)KAAK(VPGAGG)

R4 VPAVGKVPAVG[(IPAVG)s]14(IPAVG)-[X]- IPAVGKAAK(VPGAG)VPGIG[(VPGIG)s];s
VPGAG[(IPAVG)s];5(IPAVG)VPAVGKAAKA (VPGIG)(VPAVG)KAAK(VPGAG)
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