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Abstract

Collagen and elastin networks contribute to highly specialized biomechanical responses in
numerous tissues and species. Biomechanical properties such as modulus, elasticity, and strength
ultimately affect tissue function and durability, as well as local cellular behavior. In the case of
vascular bypass grafts, compliance at physiologic pressures is correlated with increased patency
due to a reduction in anastomotic intimal hyerplasia. In this report, we combine extracellular
matrix (ECM) protein analogues to yield multilamellar vascular grafts comprised of a recombinant
elastin-like protein matrix reinforced with synthetic collagen microfibers. Structural analysis
revealed that the fabrication scheme permits a range of fiber orientations and volume fractions,
leading to tunable mechanical properties. Burst strengths of 239-2760 mm Hg, compliances of
2.8-8.4%/100 mm Hg, and suture retention strengths of 35-192 gf were observed. The design
most closely approximating all target criteria displayed a burst strength of 1483 + 43 mm Hg, a
compliance of 5.1 + 0.8%/100 mm Hg, and a suture retention strength of 173 + 4 gf. These results
indicate that through incorporation of reinforcing collagen microfibers, recombinant elastomeric
protein-based biomaterials can play a significant role in load bearing tissue substitutes. We believe
that similar composites can be incorporated into tissue engineering schemes that seek to integrate
cells within the structure, prior to or after implantation in vivo.
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1. Introduction

After decades of investigation, small to medium (<4-<7 mm) diameter prosthetic vascular
grafts continue to occlude due to peri-anastomotic intimal hyperplasia, surface
thrombogenicity, and failure to develop an endothelialized lumen. Intimal hyperplasia, the
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formation of pannus tissue with luminal narrowing, is driven in part by endothelial injury
and mechanical mismatch between stiff prosthetics and a compliant native artery. Disrupted
flow and shear stresses are also recognized factors [1]. Vascular graft thrombogenicity
results from protein and cell adsorption, thrombin and fibrin formation, and platelet
activation and aggregation. Ongoing research to improve permanent implants, such as
thromboresisant coatings [2], compliant non-degradable polymers [3,4], and advanced cell
seeding [5], is increasingly complemented by progress in vascular tissue engineering.

Biomaterials adapted for vascular tissue engineering include animal-derived biopolymer gels
such as collagen [6], fibrin [7-9], or composites [10]; biodegradable polymers such as
polylactic acid, polyglutamic acid, polycaprolactone, polyurethanes, and their copolymers or
composite structures [11-18]; and decellularized natural tissues [19-26]. The assembly of
cell-populated haemodialysis access grafts from extracellular matrix (ECM) proteins
secreted by autologous cells, with no foreign biomaterial, is currently one of the most
advanced arterial tissue engineering technologies [27]. Nonetheless, many strategies remain
hampered by prolonged in vitro culture times required by cells for the secretion of an
organized, mechanically sound ECM. In addition, despite recent advances, elastin content is
equivalent to levels in vein in the best instances, rather than approaching arterial
compositions [7,9,17]. Due to these limitations, we have pursued technology consisting of
scaffolds with controlled collagen—elastin ratios and structural orientation, fabricated
without bioreactor culture.

Recombinant proteins derived from elastin sequences have been investigated as gels [28—
30], films [31,32], micelles [33], or nanofibers [34,35] with potential applications in drug
delivery [28,36,37], tissue engineering [38,39] or as components of implanted medical
devices [40,41]. In particular, elastin-like protein triblock copolymers demonstrate
fermentation yields of 200-700 mg/mL, with less contaminating endotoxin than clinical
grade alginate [42]. These protein triblocks can be molded or laminated due to a defined
inverse transition temperature, above which the hydrophobic endblocks of the copolymer
aggregate to produce a physically crosslinked hydrogel [29]. Addition of amino groups at
the block interfaces provides the capacity for covalent crosslinking [42]. Long-term stability
has been observed in vivo under some conditions, even in the absence of covalent crosslinks
[43]. Mechanical properties are tunable through adjustment of copolymer block size or
sequence, or through implementation of processing conditions that alter the degree of
microphase block mixing [30,35]. Primate ex vivo shunt studies have confirmed that elastin-
like protein polymers can serve as thromboresistant luminal coatings for small diameter
ePTFE vascular grafts [40].

Early vascular tissue engineering with collagen gels validated the concept of ECM protein
scaffolds but lacked strength largely due to microstructural deviations from native collagen
fibril orientation, architecture, and packing density [6]. To provide densely-packed, oriented
collagen scaffolds, we developed a scalable spinning process for production of continuous
microfiber composed of aligned, D-periodic collagen fibrils [44]. In addition, composites
incorporating continuous, aligned, microcrimped collagen fiber architectures in an elastin-
like protein matrix have recently been described [45].

We postulate that biologically inspired structures produced from synthetic or molecularly
engineered collagen and elastin analogues, which recapitulate the biomechanical and
biochemical features of the native extracellular matrix, provide an advanced foundation for
engineering living tissue. As a case in point, this report describes the generation of an
acellular arterial substitute consisting of a multi-lamellar structure formulated from
integrated synthetic collagen microfibers and a recombinant elastin-like protein (Fig. 1). In
addition to requiring new scalable approaches for producing resilient elastin analogues and
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synthetic collagen fibers of high strength, different strategies were required for fabricating
integrated structures that could be easily processed into a tubular geometry that displays
tailored biomechanical responses. Given the non-thrombogenic features of the elastin
analogue used in this approach [40], acellular constructs may well exhibit favorable
performance characteristics as implanted vascular grafts. However, we believe this
technology also provides an important framework for schemes driven either by ex vivo or in
situ regeneration of tissue.

2. Materials and methods

2.1. Synthesis of a recombinant elastin-mimetic triblock protein polymer

Genetic engineering, expression, purification, and characterization of the elastin-mimetic
protein polymer, designated LysB10, has been described elsewhere [42]. Briefly, the
flanking 75 kDa endblocks of the protein polymer contained 33 repeats of the hydrophobic
pentapeptide sequence [IPAVG]s, and the central 58 kDa midblock consisted of 28 repeats
of the elastic, hydrophilic sequence [(VPGAG),VPGEG(VPGAG),]. Additional sequences
between blocks and at the C terminus include the residues [KAAK], which along with the
N-terminal amine provide amino groups for chemical crosslinking.

The protein polymer sequence is contained in a single contiguous reading frame within the
plasmid pET24-a, which was used to transform the Escherichia coli expression strain
BL21(DE3). Fermentation was performed at 37 °C in Circle Grow (QBI1Ogene) medium
supplemented with kanamycin (50 pg/mL) in a 100 L fermentor at the Bioexpression and
Fermentation Facility of the University of Georgia-Athens. Cultures were incubated under
antibiotic selection for 24 h at 37 °C. Isolation of the LysB10 consisted of breaking the cells
with freeze/thaw cycles and sonication, a high speed centrifugation (20,000 RCF, 40 min, 4
°C) with 0.5% poly(ethyleneimine) to precipitate nucleic acids, and a series of alternating
warm/cold centrifugations. Each cold centrifugation (20,000 RCF, 40 min, 4 °C) was
followed by the addition of NaCl to 2 M to precipitate the protein polymer as it incubated
for 25 min at 25 °C. This was followed by warm centrifugation (9500 RCF, 15 min, 25) and
resuspension of the pellet in cold, sterile PBS on ice for 10 to 20 min. After 6 to 10 cycles,
when minimal contamination was recovered in the final cold centrifugation, the material was
subject to a warm centrifugation, resuspended in cold sterile PBS, dialyzed, and lyophilized.
Lyophilized protein was resuspended in sterile molecular grade water at 1 mg/mL and
endotoxin levels were assessed according to manufacturer instructions using the Limulus
Amoebocyte Lysate (LAL) assay (Cambrex). Levels of 0.1 EU/mg were obtained (1 EU =
100 pg of endotoxin), which corresponds to endotoxin levels for clinically used alginate
(Pronova sodium alginate, endotoxin <100 EU/qg).

2.2. Isolation and purification of monomeric collagen

Acid-soluble, monomeric rat-tail tendon collagen (MRTC) was obtained from Sprague-
Dawley rat tails following Silver and Trelstad [46]. Frozen rat tails (Pel-Freez Biologicals,
Rogers, AK) were thawed at room temperature and tendon was extracted with a wire
stripper, immersed in 10 mM HCI (pH 2.0; 150 mL per tail) and stirred for 4 h at room
temperature. Soluble collagen was separated by centrifugation at 30,000g and 4 °C for 30
min followed by sequential filtration through P8, 0.45 um, and 0.2 pm membranes. Addition
of concentrated NaCl in 10 mM HCI to a net salt concentration of 0.7 M, followed by 1 h
stirring and 1 h centrifugation at 30,0009 and 4 °C, precipitated the collagen. After overnight
re-dissolution in 10 mM HCI the material was dialyzed against 20 mM phosphate buffer for
at least 8 h at room temperature. Subsequent dialysis was performed against 20 mM
phosphate buffer at 4 °C for at least 8 h and against 10 mM HCI at 4 °C overnight. The
resulting MRTC solution was stored at 4 °C for the short-term or frozen and lyophilized.
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2.3. Production of a synthetic collagen microfiber by continuous co-extrusion

Synthetic collagen fibers were produced continuously and in large scale using a lab scale
automated fiber spinning system, described elsewhere [44]. Briefly, a collagen solution (5
mg/mL in 10 mM HCI) and wet spinning buffer (WSB: 10 wt% poly (ethylene glycol) M,, =
35,000, 4.14 mg/mL monobasic sodium phosphate, 12.1 mg/mL dibasic sodium phosphate,
6.86 mg/mL TES (N-tris (hydroxymethyl) methyl-2-aminoethane sulfonic acid sodium salt),
7.89 mg/mL sodium chloride, pH 8.0) were extruded with a dual syringe pump (Harvard
Apparatus, Holliston, MA). The collagen solution emerged through a 0.4 mm inner-diameter
spinneret into the center of a vertical tube (1.6 mm inner-diameter x 1 m long fluoropolymer
tubing) at 0.08 mL/min. Wet spinning buffer simultaneously advanced through a bubble trap
and down the fluoropolymer tube at a rate of 1.0 mL/min. As it exited the spinneret, the
collagen coagulated into a gel-like fiber and traveled downward with the WSB stream.

Upon emergence from the fluoropolymer tube, the fiber entered a 2 m-long rinsing bath of
70% ethanol in water. Continuous fiber was collected by winding it out of the rinsing bath
onto segments of a polyvinyl chloride (PVC) carrier cylinder that rotated and translated
automatically. After spinning, the fiber was placed in fiber incubation buffer (FIB: 7.89 mg/
mL sodium chloride, 4.26 mg/mL dibasic sodium phosphate, 10 mM Tris, pH = 7.4) at 37
°C for 48 h [47]. Fiber was incubated directly on the carrier cylinders, followed by rinsing in
ddH20 for 15 min before drying and transferring the fiber onto a second cylinder under
tension using an automated fiber collecting system.

2.4. Fabrication of a small diameter vascular graft

Synthetic collagen fibers were arranged into parallel arrays, embedded within a thin
membrane of a recombinant elastin analogue, and rolled into multilayered tubes (Fig. 2).
Synthetic collagen fiber was arrayed about a rectangular frame rotated by a DC gearmotor
and translated by an automated linear actuator (Velmex, Inc, Bloomfied, NY). Rotation and
translation speeds were adjusted to control fiber spacing. Fibers underwent vapor phase
glutaraldehyde crosslinking by placement in a desiccator containing a 25% (w/v)
glutaraldehyde solution for 24 h. Two fiber arrays were then transferred to a glass plate and
secured with tape. A protractor beneath the plate was used to align the two arrays to a
desired fiber angle or orientation.

Solutions of LysB10 were prepared at 10-wt% concentration in ice-cold ddH,O. Argon was
bubbled through the solutions, followed by centrifugation at 4 °C and 500g for 5 min. To
embed the fiber layouts, precision 130 um thick plastic shims (Precision Brand, Inc.,
Downers Grove IL) were placed around the layouts, and all embedding materials cooled to 4
°C. The LysB10 solution was distributed over the fibers and a sheet of polycarbonate was
pressed on top of the solution. The fibers and the LysB10 solution resided within the 130 pm
space, sandwiched between the polycarbonate sheet and a glass plate that were separated by
precision shims. Following incubated for 1 h at 4 °C, the embedding assembly was
transferred to room temperature for 20 min for inverse transition temperature molding. The
glass and polycarbonate were separated, affording a 100 pm thick fiber-reinforced protein
polymer film, which was trimmed to yield a 5 x 8 cm membrane.

Membranes were rolled about a 4 mm diameter Teflon tube to form a 5 cm long, six-layer
tube, which was wrapped in a thermoplastic film. The assembly was incubated at 4 °C
overnight to promote interlayer bonding, and then centrifuged at 200g and 4 °C for 5 min to
remove trapped air bubbles. The assembly was then incubated at 37 °C for 180 min, the
thermoplastic wrap was removed, and constructs were hydrated in PBS at 37 °C for 30 min.
All designs, except 2a, were then thermally annealed at 60 °C in PBS for 4 h. All constructs
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were detached from the Teflon mandrel, crosslinked in PBS at 37 °C containing 0.5% (w/v)
glutaraldehyde for 24 h and rinsed for 12 h in PBS.

2.5. Measurements of vascular graft fiber orientation, spacing and wall thickness

The spacing and orientation of the synthetic collagen fibers were measured from
photographs of planar fiber arrays prior to embedding in protein polymer (Fig. 2, Table 1).
Orientation was measured from digital photographs of the fiber layouts using the fast-
Fourier transform tool from ImageJ software [48]. After completing vascular graft
fabrication, samples were stained with Van Gieson for 5 min, rinsed, and photographed.
Additionally, three rings were sectioned from each graft, photographed, and wall thickness
measured at six points around the circumference of each ring.

2.6. Graft pressure-diameter responses and burst pressure

Vascular graft compliance and burst pressure were evaluated using a custom-built inflation
system. Grafts were suspended vertically in 37 °C PBS, with the upper end connected by
tubing to a syringe pump (Harvard Apparatus, Holliston, MA) and the lower end sealed and
fastened to a 5 g weight. Grafts were inflated with PBS supplied by the syringe pump at 4
mL/min, and a 3CCD camera (Dage-MT]I, Michagan City, IN) with a 10x macro video zoom
lens (Edmund Optics, Barrington, NJ) recorded video at 30 frames per second. Pressure was
recorded with a pressure transducer (WIKA, Lawrenceville, GA). A PC equipped with data
and image acquisition cards (PCI-1405 and PCI-6220, National Instruments, Austin, TX)
acquired the video and pressure data. A Labview program synchronized the video and
pressure data. A computer program written in MATLAB quantified the initial graft outer
diameter (Dg) and the inflated diameter (D) from every video frame and calculated the
percent change in diameter (D/Dg) corresponding to each pressure measurement. Each graft
was preconditioned with 20 inflations to 250 mm Hg and video taken of the 21st inflation.
Grafts were then inflated to failure while video and pressure data was recorded. Compliance
(C), the percent change in outer diameter (D/Dg) per 100 mm Hg of applied pressure, was
calculated as:

C=1/bx 100 (1)
where b is the slope of a line fit to the pressure vs. D/Dg curve between 80 and 120 mm Hg.

2.7. Suture retention strength

Specimens with dimensions of 4 x 4 mm were cut from each graft and mounted in a
dynamic mechanical thermal analyzer (DMTA V, Rheometric Scientific, Inc., Newcastle,
DE) with a 15 N load cell in the inverted orientation, immersed in a jacketed beaker filled
with PBS at 37 °C. Prolene suture (4-0) was passed through the each sample, 2 mm from the
edge, and fastened to the actuating arm of the instrument. Suture was pulled parallel to the
central axis of the graft at a rate of 1 mm/s and the maximum force measured before suture
tear-out was recorded in grams-force (gf). Five to six samples from each design were tested
and the data expressed as mean * standard deviation.

2.8. Scanning electron microscopy

Samples for scanning electron microscopy were cut with a razor blade to expose the lumen
and the cross-section of the graft wall. Samples were critical point dried (E3000, Energy
Beam Sciences, Inc., East Granby, CT), sputter coated with gold (Emscope SC-500,
Emitech, Kent, England), and imaged with a DS-150 F scanning electron microscope
(Topcon Co., Tokyo, Japan) operated at 15 kV.

Biomaterials. Author manuscript; available in PMC 2013 December 03.
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3. Results and discussion

3.1. Development of a fabrication scheme to create vascular graft composites with
controlled fiber orientation and spacing

The fabrication scheme facilitated the generation of vascular grafts of varying fiber content
and architecture (Fig. 2). Table 1 summarizes the fiber spacing and orientation in the various
graft designs. Although the angle and spacing measured from the fiber layout are close to
the nominal values, photographs of the stained prototypes did suggest variability in the final
fiber arrangement (Fig. 3). Variance in fiber layout may have been introduced through initial
swelling of films, stretching of films while rolling onto the mandrel, or shrinkage of the
structure during thermal annealing.

Several technologies have been explored in fabricating a small diameter vascular graft to
optimize both strength and compliance, including filament winding, electrospinning,
molding, and sheet wrapping. Filament winding, in which a filament is wrapped about a
rotating, translating inner mandrel, allows the compliance and strength of the graft to be
adjusted by modulation of the filament angle and density [49,50]. Like conventional textile
grafts, a filament wound structure is permeable and must be filled or coated with a second
material. Significantly, as the diameter of a filament wound graft expands under pulsatile
flow, it may contract axially, repeatedly stressing the anastomosis sites [51]. Balancing high
radial compliance and axial kink resistance with wound filament structures presents a
challenge because circumferentially oriented fibers prevent kinking but restrict compliance,
while axially aligned fibers have the opposite effect [49].

Experimental vascular grafts have also been created by electrospinning onto a rotating,
translating mandrel. Fiber orientation may be achieved through strategies related to
controlling the velocity of the electrospinning target or shaping the electric field [52]. In
principle, adjustment of fiber orientation should allow control over graft compliance, similar
to filament winding. Electrospun tubes have also been reinforced with wound filament,
increasing burst strength [53]. Depending upon processing conditions, electrospinning can
be slow and result in loss of material, even with multi-jet spinning heads [54]. We, and
others, have electrospun elastin or elastin-mimetic recombinant proteins to serve as one
element in an arterial substitute [35,53,55-58]. However, collagen has not been electrospun
without the use of solvents that denature the protein [59]. Collagen may be blended with
synthetic polymers or biopolymers and electrospun from non-denaturing solvents. However,
it is unlikely that, upon degradation or loss of the non-collagen component, continuous
uniform fibers will be produced with the strength of native collagen fibers [57,60].

Synthetic polymers and some biopolymers, such as collagen and fibrin can be molded into
tubular structures. Compliance and strength of molded structures has been modulated by
controlling the orientation of fibril networks that develops during the molding process [61]
and through use of excimer laser ablation to generate arrays of pores [62]. The desired
combination of compliance and strength can also be tuned by surrounding a soft, elastic tube
with one or more stiffer tubes [63].

Sheet wrapping approaches are required for grafts fabricated from flat materials such as cell
layers [64] and porcine small intestinal submusoca (SIS) sheets. This technique provides the
opportunity to apply a variety of 2D fabrication techniques, and mimic the laminar structure
of the native vessel wall. Automated wrapping devices may increase control and
repeatability in these constructs [65]. Tubular elastin scaffolds, extracted from porcine
carotid arteries, have been wrapped with SIS sheets [66]. The SIS wrap enhanced burst
pressure and suture retention, and the compliance of the structure was visually similar to
native artery under pulsatile conditions.

Biomaterials. Author manuscript; available in PMC 2013 December 03.
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The fabrication scheme in this report combines aspects of filament winding and sheet
wrapping. As a result, fiber layout can be adjusted to tune the mechanics of the composite
structure. In addition, modified versions of this scheme should allow cells or growth factors
to be distributed throughout the wall of the graft at spatially defined compositions.

3.2. Fiber architecture and elastin properties dictate the mechanical behavior of composite
vascular grafts

Mechanical responses, including burst pressure, compliance, and suture retention strength
are summarized in Table 1. Representative burst data is illustrated in Fig. 4, and the
relationship between mechanical behavior of the vascular graft and fiber orientation and
spacing is presented in Fig. 5. Thermal annealing enhanced burst pressure and suture
retention while reducing compliance, consistent with prior observations that thermal
annealing can increase the strength and Young’s modulus of this protein polymer [67]. The
magnitude of the thermal annealing effect demonstrates that the mechanical behavior of the
elastin component strongly influenced the composite mechanics and burst pressure. In
addition, collagen fiber orientation and spacing played a major role. At a fixed fiber
orientation (30°), decreasing average fiber spacing led to increased fiber density with
enhanced burst pressure and suture retention, but lower overall compliance. Likewise, with
fiber spacing fixed and fiber angle increased, burst pressure and suture retention increased,
but compliance decreased. Arterial substitutes matching native compliance levels may
display less intimal hyperplasia and lead to increased graft patency [68—70]. Notably,
arterial compliance varies broadly with age, sex, diet, smoking, and position in the vascular
tree, ranging between 3 and 25%/100 mm-Hg [71,72]. This range highlights the advantage
of platforms with the capacity to tailor compliance. Design 6 approaches the compliance of
native arteries (Table 1). Given the trade-offs of thermal annealing, fiber orientation, and
fiber spacing, a conduit with a fiber orientation of 22.5° and volume fraction of 7.3%
(Design 6), was the closest overall match for target mechanical properties.

Burst pressures of native vein and artery (2000-3000+ mm-Hg) are often cited as
benchmarks for bypass grafts, although blood pressure rarely exceeds 240 mm Hg. The high
strength of native vessel may reflect a proxy measurement of fatigue resistance in the face of
hypertension or other biochemical factors that contribute to arteriosclerosis or aneurysm
formation. In the case of bypass grafts, high burst strength suggests a greater resistance to
damage from suture-line stress, biaxial stress, and fatigue. Grafts designed to biodegrade and
remodel may require greater burst strength to compensate for anticipated structural
alterations. Here, we selected 1000 mm Hg as a target, well above physiologic conditions, in
consideration of data demonstrating the stability of a physically crosslinked elastin-mimetic
triblock protein polymer even in the absence of chemical crosslinks [43].

4. Conclusions

In this report we describe a process for the fabrication of vascular grafts from a recombinant
elastin-like protein reinforced with collagen microfiber and assess the structural and
mechanical properties of a series of prototypes. The process facilitated control over collagen
microfiber orientation and density. In turn, fiber architecture and processing of the elastin-
like protein modulated the suture retention strength, burst strength, and compliance. Iterative
adjustments to the fiber layout led to a design that meets mechanical targets. The fabrication
scheme employs a non-thrombogenic elastin-like protein with the possibility that these
structures may be advantageous as vascular graft implants without further modification. In
addition, modification of the scheme to incorporate living cells ex vivo or in situ may be
feasible.
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Fig. 1.

Multilamellar protein polymer microfiber composite vascular graft. The vessel wall consists
of several layers (thickness 100 um) of collagen microfiber embedded in protein polymer,
with orientation and density established to attain mechanical design targets. Multilamellar
structure may permit cell sheet or therapeutic integration at defined intervals.
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Fig. 2.

Fabrication of a fiber-reinforced small diameter vascular graft from oriented synthetic
collagen microfiber arrays embedded in an elastin protein polymer matrix. (A) Parallel
arrays of fiber were created by winding about a frame. (B) Two arrays were transferred to a
glass sheet, positioned at the desired angle. (C) Average fiber spacing and orientation were
characterized from digital photographs. (D) Fast Fourier transform analysis of fiber
orientation. (E) Fibers were surrounded with precision-thickness shims and a solution of
elastin protein polymer was applied before a polycarbonate sheet was pressed over the fibers
to spread the solution into a thin film. Films were gelled by inverse transition temperature
molding. (F) The gelled film was rolled about a Teflon rod to create a six-layered tube,
bonded by inverse transition temperature lamination. (G) Schematic illustrates average fiber
spacing (d) and angle ().
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Fig. 3.

Photographs of the exterior (A) and cross-section (B) of grafts fabricated with a 30° collagen
microfiber layouts. Collagen fibers are stained red with VVan Gieson’s stain. Scale bar 2 mm.
Scanning electron microscopy of a prototype of design 6, exterior (C) and cross-section (D).
Scale bar 200 pm.
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Representative pressure-diameter responses for composite vascular grafts. (A) Increasing
fiber density at a fixed 30° fiber angle yielded prototypes with enhanced burst pressure. (B)
Increasing fiber angle at a fixed fiber fraction of 6—7% yielded prototypes with decreased

compliance.
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Dependence of burst strength, suture retention strength, and compliance on fiber spacing (A,
B, C) and angle (D, E, F). Data represents means and standard deviations from at least three
prototypes, except for the design with 0% fiber volume fraction, which was prototyped once.
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