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Introduction

The perfect conduit for coronary artery bypass surgery 
would ideally exhibit a low rate of patency failure over the 
long-term, be readily available without complication arising 
from its harvest, and be available in sufficient length to 
revascularize all targets. The best available conduit to date 
remains the in situ internal mammary artery (IMA), with 
95.8% patency observed at 5 years compared to free arterial 
(89.1%) or saphenous vein (82.4%) grafts (1) and 88% 
15-year patency seen for the left IMA (2). However harvest 
of autologous conduits can be time-consuming, the conduit 
may be poor quality or damaged during harvest, and 
complications do occur such as an increase in sternal wound 
reconstruction rate seen after bilateral IMA harvest (1.9% 
vs. 0.6% single IMA) (3). Conduit length is also limited 
particularly for arterial grafts, with a lack of available 
conduit given as the reason for 9.1% of patients entering 
the non-surgery (PCI) registry of the SYNTAX trial (4). An 

artificial blood vessel able to act as a small arterial substitute 
has been called the Holy Grail of vascular bypass surgery (5).

Sixty years has passed since the introduction of 
prosthetic vascular conduits in 1952. Yet despite extensive 
attempts to develop a truly biocompatible small-diameter 
vascular conduit there remains no successful alternative 
to autologous conduits for coronary artery bypass (6). 
Approaches to conduit development include new or 
modified prosthetic materials, conduits incorporating 
biomolecules to mimic biological surfaces or improve 
mechanical properties, and tissue engineered conduits either 
partly or wholly comprising cellular tissue. However, a 
number of important limitations inhibit vascular biomaterial 
design, affecting such areas as in vitro assessment of 
endothelialization, thrombogenicity, and biomechanical 
properties, and the selection and utilization of animal 
models for the assessment of novel conduits in vivo (6-8). 
The development of a successful small arterial substitute 
will require not only continued innovation but also 
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solutions to these limiting factors. The recent availability 
of recombinant human tropoelastin, a promising vascular 
biomaterial, has given us new insights and the possibility of 
new solutions in our quest for the perfect conduit.

Polymer vascular prosthetics

Early research into prosthetic vascular grafts aimed to 
produce conduits from inert polymers that passively 
transport blood while minimizing interaction with blood and 
tissue. The first human implant of a prosthetic vascular graft 
named Vinyon N was produced in 1952; however expanded 
polytetrafluoroethylene (ePTFE) and polyethylene 
terephthalate (‘Dacron’) remain the most common polymers 
in current use (8). Dacron grafts are used for larger vessel 
applications such as the aorta, iliac, and proximal femoral 
arteries where blood flow is relatively high and as a result 
synthetic conduits maintain patency for prolonged periods. 
For example, aorto-femoral bypass grafts have 5- to 10-year 
patency rates of 90% (9). However cardiac bypass surgery 
is rarely attempted with prosthetic materials due to the 
high failure rates (10). Dacron has shown patency out to  
16 months as a short aorto-proximal coronary interposition 
graft (3.5 mm × 4 cm) (11); while ePTFE grafts as aorto-
coronary conduits show 14% anastomotic patency at  
45 months (12). Early patency failure reflects poor 
luminal surface biocompatibility. Synthetic conduits fail to 
endothelialize beyond the anastomoses, instead becoming 
coated with a film of plasma proteins (primarily fibrinogen) 
and platelets euphemistically termed a ‘pseudointima’ up 
to 1 mm in thickness (9,13), resulting in sustained surface 
thrombogenicity as well as susceptibility to infection 
from bacteremia. Beyond the early period, failure results 
from intimal hyperplasia affecting especially the distal 
anastomosis due in part to mechanical mismatch between 
the inelastic prosthesis and the elastic vessel wall (9). 
However, flow disturbance at the anastomosis generating 
areas of low wall shear stress is also important and it is clear 
that arterial wall elasticity, intimal hyperplasia, and wall 
shear stress are related (8,14).

Surface incompatibility has been the focus of extensive 
investigation and innovation. Expelling air from the conduit 
wall results in decreased thrombogenicity (15), meaning 
that methods of coating ePTFE which entail displacement 
of mural air (16-18) confound thrombogenicity assessment. 
Modification of surface texture has been attempted, 
physiochemical methods (such as oxidation, reduction, 
and acetylation) have been used to alter surface chemistry, 

and radiation (including gamma, ultraviolet, gas plasma, 
and ion beam) employed to attain covalent attachment of 
numerous compounds including amino acids, peptides, and 
anticoagulant or antiplatelet agents (8). Heparin coatings 
by non-covalent physical adsorption showed rapid loss of 
drug activity (19); however covalent attachment by ‘endpoint 
linkage’ to preserve biological activity has shown promising 
results in a recent randomized trial (20). Simply altering 
the polymer surface to enhance cellular interactions, such 
as endothelialization, is inadequate as it has long been 
recognized that such modifications are associated with 
increased thrombogenicity (21).

 The notion that a lack of compliance in synthetic 
vascular grafts contributes to poor patency was first 
proposed in 1976 (22) and since then an association 
between compliance and patency has been shown in many 
studies (23-25). However there is little reliable evidence 
that elastic mismatch per se is the cause of failure, as the 
resultant intimal hyperplasia occurs predominantly at 
the downstream (but not upstream) anastomosis and at 
end-to-side rather than end-to-end anastomoses (26), 
and other factors such as disturbed flow leading to low 
shear stress at the endothelial surface are important (27). 
Creating a synthetic conduit with matched compliance is 
also problematic as native vessel compliance varies within 
the vasculature and with patient age and comorbidities 
(28,29). Permanent suture material is required to prevent 
anastomotic aneurysms (30) and this, usually inserted 
as a continuous suture, further reduces anastomotic  
compliance (31) .  Attempts to reduce compliance 
mismatch include interrupted suture technique and 
anastomotic vein cuffs which do reduce mismatch but 
are time-consuming and not commonly used (32). An 
external metal mesh support placed around the graft 
reduces intimal hyperplasia but only when the graft 
diameter is constricted (33) and is at the risk of luminal 
impingement by vein folding (34). An alternative approach 
is the development of polymer conduits exhibiting elastic 
mechanical properties, focusing on polyurethanes due 
to their desirable physical properties and relative blood 
compatibility (35). Polyester polyurethanes were found 
to be susceptible to hydrolysis through the ester linkage, 
while polyether polyurethanes were shown to be vulnerable 
to oxidative cleavage in vivo (36). The incorporation of 
polydimethylsiloxane and polycarbonate into the polymer 
backbone instead of polyester or polyether has been shown 
to improve the resistance of the material to both hydrolytic 
and oxidative degradation (37). However published reports 
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usually describe polyurethane conduits incorporating 
other materials to improve surface biocompatibility, host 
tissue response, or mechanical properties. Polycarbonate-
siloxane polyurethane conduits incorporating collagen and 
hyaluronan, with heparin and/or sirolimus, have shown 
good results after six-months implantation in a rabbit 
model (38). The ‘Myolink’ polycarbonate-urea-urethane 
transmits pulsatile flow via compression of a spongy mid-
wall without external dilation (39). It has been combined 
with numerous agents including arginine-glycine-aspartate 
(RGD) peptides, heparin, collagen, dermatan sulfate, and 
seeded with endothelial and smooth muscle cells, and 
reached clinical use as an arterio-venous fistula (40-42). A 
poly-ether-urethane conduit developed by Thoratec was 
used in 27 patients for coronary artery bypass surgery and 
a clinical trial begun, but no further results are available  
13 years later (43). 

Approaches and problems with conduits 
incorporating acellular organic material

The incorporation of proteins and other biomolecules 
results in a conduit designed to positively interact with the 
blood and tissue environment rather than just passively 
transport blood. The simplest of these approaches 
involves applying a luminal coating to available polymer 
conduits to reduce negative blood-materials interactions. 
One problem is achieving strong protein binding whilst 
preserving function of the bound molecule (44), while non-
covalent binding results in weak attachment and early loss 
of attached compounds (8). A large number of biomolecules 
such as enzymes, antibodies, proteins, and cell receptor 
ligands have been chemically or physically immobilized 
onto biomaterials and detailed reviews are available (45,46). 
Extracellular matrix (ECM) compounds are a particular area 
of interest as they provide an ideal cellular environment; 
ECM laid down by cells seeded onto prosthetic conduits 
in vitro results in enhanced host cellular incorporation in 
vivo (47). Subendothelial ECM components are especially 
attractive as a surface coating to facilitate endothelialization 
from circulating endothelial cells, which must otherwise 
migrate through the usually impermeable conduit wall 
or very slowly along the length of the graft (9,48,49). 
Fibronectin coatings on ePTFE are effective at enhancing 
endothelialization, but endothelial cell (EC) seeding is 
generally performed in vitro before conduit implantation 
due to concerns regarding increased thrombogenicity 
(50,51). Collagen coatings also enhance EC attachment to 

ePTFE or Dacron (52) but native collagen is intrinsically 
thrombogenic and type I collagen has been shown to 
increase platelet attachment compared to uncoated 
ePTFE (53). Cross-linking and gas plasma immersion have 
been used to modify collagen by destroying platelet binding 
sites to reduce thrombogenicity (54,55). An alternative 
to whole ECM proteins is to select desired amino acid 
sequences. The binding site arginine-glycine-aspartic acid 
(RGD) present in the adhesive proteins fibronectin and 
vitronectin binds to an integrin receptor on cell surfaces (8) 
and RGD-coated surfaces have been shown to enhance EC 
attachment and proliferation as well as alignment under 
shear stress in vitro (56). Non-ECM proteins have also been 
attempted such as plasma proteins, particularly albumin 
which induces less platelet adhesion compared to fibrinogen 
and γ-globulin, however albumin-coated prostheses showed 
little improvement over uncoated conduits in animal models 
and clinical studies (46). Recognizing that platelet adhesion 
to biomaterial surfaces is related to adsorbed fibrinogen, 
Sivaraman et al., showed that it is the conformation rather 
than the amount of adsorbed fibrinogen that is the critical 
determinant of platelet adhesion as adsorption-induced 
unfolding of fibrinogen exposes platelet binding sites (57). 

An acellular ECM scaffold would provide an appropriate 
environment after implantation for host cellular infiltration 
throughout the conduit wall, while potentially avoiding 
the need for support by prosthetic material and avoiding 
the problems associated with protein binding to polymer 
surfaces. Incorporation of an elastic component would also 
allow conduit mechanical properties to be tailored to match 
native vessels. A potential ECM source is decellularized 
tissue from another species, either vascular or non-
vascular, yet the major concerns of all decellularization 
protocols remain ECM disruption, immunogenicity, and 
thrombogenicity (58). Decellularized intestinal submucosa 
provides a sheet of type I collagen that can be wrapped 
into a small-diameter conduit, and has shown successful 
incorporation as a neovessel in a rabbit model (59). 
Decellularized porcine ureters show similar mechanics 
to fresh specimens but with reduced immunogenicity as 
a xenograft (60). Removal of cells from canine arteries 
and veins leaves a tubular collagen/elastin matrix (61) 
with preserved mechanics, and no aneurysm formation 
after 4.5 years (62). Cross-linking may be used to reduce 
immunogenicity and strengthen the scaffold, but this 
alters mechanical properties and toxic residues inhibit 
cellular ingrowth (63). Yet without manipulation to reduce 
immunogenicity the ECM xenograft may be seen as a 



438 Byrom et al. The perfect conduit—can we build one?

© AME Publishing Company. All rights reserved. Ann Cardiothorac Surg 2013;2(4):435-443www.annalscts.com

foreign body and encapsulated by inflammatory cells and 
organized scar tissue rather than being integrated into the 
surrounding tissue (64). Some species such as pigs have 
been thought to be less immunogenic, yet the cellular 
environment remains inferior, for example improved 
human fibroblast proliferation and migration on human 
decellularized dermal matrix compared to pig matrix 
scaffold (65). Complete destruction of a decellularized 
porcine pulmonary valve xenograft has been seen in 
humans due to foreign body reaction (66). An alternative 
to decellularization for the generation of ECM scaffolds is 
the manufacture of tubular constructs using ECM proteins 
especially collagen and elastin. While simple molds may be 
fragile (67), electrospinning uses fibers with diameters in 
the range of 0.1-10 μm collected onto a target to achieve 
desired mechanical properties according to choice of 
polymer, fiber thickness and orientation, and construct 
thickness and shape. One or more polymers may be used, 
either synthetic (permanent or degradable) or naturally 
occurring biopolymers able to match the intended cellular 
environment. However xenogeneic biopolymers have the 
same disadvantages of the ECM scaffolds mentioned above, 
including immunogenicity, susceptibility to degradation, 
and the need to obtain them from animal sources using 
extraction processes which may alter the native structure (8). 

Approaches and problems with conduits 
incorporating cellular tissue

A conduit that acquired luminal endothelialization would 
achieve ideal blood-surface interactions, while one that 
also incorporated living host tissue throughout the wall 
would potentially be able to grow and demonstrate 
vasoreactivity. EC seeding of prosthetic polymer conduits 
before implantation is an attractive solution to the 
failure of endothelialization in vivo, however ePTFE is 
non-adhesive to ECs (68) and methods to promote EC 
adhesion may lead to a more non-thrombogenic surface 
upon implantation (64) especially as many ECs are lost 
upon exposure to in vivo shear stress unless preconditioned 
against graded shear stress in vitro. ‘Two-stage seeding’ 
involving autologous EC harvest then proliferates in 
vitro before conduit seeding and subsequent implantation 
necessitates waiting several weeks for expansion of the 
EC population as well as two operative procedures. 
Furthermore, EC function such as ability to proliferate 
and migrate declines with age (69) and may be altered in 
response to injury by manipulation and/or exposure to a 

non-physiologic environment (54) and the biomaterial 
substrate may further influence EC phenotype through 
influences such as mechanical cues and availability of 
ECM contacts in the pericellular environment (70). 
Attempted solutions include genetically modified ECs (71) 
and the use of stem cells as an alternative EC source 
particularly for single-stage seeding without an in 
vitro proliferation step (72). Despite these limitations, 
Zilla’s group successfully applied EC-seeded ePTFE as 
infrainguinal bypass grafts in 153 patients with peripheral 
vascular disease (73) and EC-seeded ePTFE has been used 
for coronary artery bypass surgery in a small number of 
patients (74) with a case report demonstrating patency 
after 9 years (75). However the time and expense needed 
to create EC-seeded prostheses remain important limiting 
factors.

Tissue-engineered conduits  have  mainly  been 
constructed by coculture of cells (endothelial cells, smooth 
muscle cells, and/or fibroblasts) with ECM proteins 
before implantation, although Campbell et al., inserted a 
mandrel in an extra-vascular location to allow host tissue 
incorporation before transfer of the inverted conduit to 
its intended site (76). The conduit must be compatible 
with host tissue, possess a nonthrombogenic surface if 
designed for endothelialization in vivo, and demonstrate 
appropriate mechanical properties to avoid hyperplasia and 
aneurysm formation (64). Weinberg in 1986 developed a 
smooth muscle cell (SMC) and collagen media, coated with 
fibroblasts on the outside and ECs at the luminal surface, 
and noted longitudinal SMC orientation, a lack of elastin, 
poor SMC and collagen density, and poor radial strength 
requiring Dacron mesh support (77). Niklason introduced 
the bioreactor, using simulation of pulsatile pressure to 
improve mechanical properties, allowing implantation of 
autologous tissue-engineered blood vessels in the arterial 
system of miniature swine (78). However, they again 
noted a lack of elastin as well as poor contractility (79) and 
described problems with terminally differentiated SMCs 
from older donors (80), leading the group to investigate 
bone marrow-derived stem cells (81). L’Heureux dispensed 
with SMCs by employing ‘sheet-based tissue engineering’ 
to develop wrapped human fibroblast and collagen sheets 
into a tubular conduit, preconditioned under pulsatile 
flow before implantation into immunosuppressed animal 
models where they demonstrated infiltration by SMCs 
and deposition of elastin (82). These conduits have since 
been used in humans for hemodialysis access (83) and 
designs targeting the mechanical properties of autologous 
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saphenous vein and internal mammary artery for coronary 
artery bypass have been reported (84), but again a separate 
tissue harvest procedure and the time and expense of in vitro 
culture and manufacture are necessary. To be commercially 
successful, a vascular graft that is cellularized in vivo would 
be beneficial (64).

Recombinant human tropoelastin—a promising 
biomaterial

Elastin is a key ECM protein of elastic tissues such as 
arteries, where it imparts the mechanical properties of 
durability and recoil essential for their normal function (85) with 
age-related degenerative arterial changes seen to result 
from elastin loss (86). Elastin deficiency is also associated 
with atherosclerotic plaques (87), especially disruption 
of the subendothelial internal elastic lamina (88) and the 
rarity of IMA atherosclerosis may partly result from its 
high elastin component (89,90). Other key biological 
properties of elastin include low thrombogenicity (91) 
and enhancement for endothelial cells (92), but inhibition 
for smooth muscle cells (93,94) of proliferation and 
migration. Therefore elastin is ideally suited for vascular 
biomaterial applications and it has been described as an 
essential ‘missing link’ in vascular substitutes (95). Despite 
its remarkable properties, elastin has found little use as a 
biomaterial due to substantial challenges in the isolation 
of native elastin so that elastin degradation products or 
recombinant polypeptides (sometimes called ‘elastin 
mimetics’) were used until Weiss and colleagues constructed 
a synthetic gene enabling expression by Escherichia coli of 
recombinant human tropoelastin (rhTE) (96), the monomeric 
form of the elastin polymer secreted by many cell types 
including ECs, SMCs, and fibroblasts (85). Combined with a 
modification of gas plasma surface treatment to allow covalent 
binding of protein with retained function (44), our group has 
shown rhTE-coated coronary stent surfaces demonstrate 
low thrombogenicity and enhanced endothelialization 
in vitro (97) and rhTE-coated ePTFE vascular grafts 
demonstrate a striking reduction in anastomotic intimal 
hyperplasia in an ovine carotid artery interposition 
model (98). That such suppression occurs due to surface 
coating alone without a change in conduit compliance 
suggests that environmental cues from cellular contacts 
are more important than mechanical mismatch in the 
genesis of this hyperplasia. Nevertheless the realization 
of a conduit devoid of compliance mismatch remains the 
ultimate goal in the design of a small arterial substitute 

and elastin is an essential component (95), not only for its 
mechanical properties but also to provide the correct ECM 
context. As the microfibrillar component of elastin fibers 
is not required for their mechanical properties (99) rhTE 
is an ideal solution to this problem. Electrospinning allows 
rhTE to be combined with a strength component (collagen 
substitute) such as polycaprolactone (PCL), a non-toxic 
biodegradable polymer (100), weaving the nanofibres into 
a vascular graft while retaining circumferential alignment 
of the fibres to approximate native vessel composition and 
mechanical properties (101). PCL fibres alone lack the 
requisite mechanical properties (100) and the addition 
of a biopolymer (previously fibrin or collagen) has been 
shown to enhance SMC interactions (102,103). Our group 
developed a multilayered rhTE/PCL small-diameter 
conduit with burst pressure, hydraulic permeability, 
and compliance matching that of the IMA and showed 
endothelialization and low platelet attachment in vitro as 
well as retention of mechanical properties after a one month 
implantation as a carotid interposition graft in a pilot rabbit 
study (92).

Summary

The perfect conduit would show the durable patency of the 
IMA yet be readily available ‘off the shelf’. Current polymer 
conduits suffer from inelastic mechanical properties and 
especially poor surface biocompatibility. Innumerable 
approaches to develop a conduit using new polymers, 
acellular matrices, or cellular constructs, have resulted 
in only a handful of clinical trials and no commercially 
successful alternative for coronary artery bypass surgery. 
Elastin, by mimicking the native extracellular environment 
as well as providing elasticity, provides the ‘missing link’ 
in vascular conduit design and recombinant human 
tropoelastin has shown great promise as a biocompatible 
coating and as an elastic conduit component. Realization of 
the perfect conduit remains an attainable goal through such 
continued innovation.

Acknowledgements

Disclosure: The authors declare no conflict of interest.

References

1.	 Hayward PA, Buxton BF. Contemporary coronary graft 
patency: 5-year observational data from a randomized trial 



440 Byrom et al. The perfect conduit—can we build one?

© AME Publishing Company. All rights reserved. Ann Cardiothorac Surg 2013;2(4):435-443www.annalscts.com

of conduits. Ann Thorac Surg 2007;84:795-9.
2.	 Tatoulis J, Buxton BF, Fuller JA. Patencies of 2127 arterial 

to coronary conduits over 15 years. Ann Thorac Surg 
2004;77:93-101.

3.	 Taggart DP, Altman DG, Gray AM, et al. Randomized 
trial to compare bilateral vs. single internal mammary 
coronary artery bypass grafting: 1-year results of the 
Arterial Revascularisation Trial (ART). Eur Heart J 
2010;31:2470-81.

4.	 Serruys PW, Morice MC, Kappetein AP, et al. 
Percutaneous coronary intervention versus coronary-artery 
bypass grafting for severe coronary artery disease. N Engl 
J Med 2009;360:961-72.

5.	 Kakisis JD, Liapis CD, Breuer C, et al. Artificial blood 
vessel: the Holy Grail of peripheral vascular surgery. J Vasc 
Surg 2005;41:349-54.

6.	 Byrom MJ, Bannon PG, White GH, et al. Animal models 
for the assessment of novel vascular conduits. J Vasc Surg 
2010;52:176-95.

7.	 Seifalian AM, Salacinski HJ, Punshon G, et al. A new 
technique for measuring the cell growth and metabolism of 
endothelial cells seeded on vascular prostheses. J Biomed 
Mater Res 2001;55:637-44.

8.	 Ratner BD, Hoffman AS, Schoen FJ, et al. eds. 
Biomaterials science: an introduction to materials in 
medicine. 2nd ed. San Diego, CA: Academic Press, 2004.

9.	 Padera RF, Schoen FJ. Cardiovascular medical devices. 
In: Ratner BD, Hoffman AS, Schoen FJ, et al. eds. 
Biomaterials science: an introduction to materials in 
medicine. 2nd ed. San Diego, CA: Academic Press, 
2004:470-93.

10.	 Badimon L, Badimon JJ, Turitto VT, et al. Platelet 
interaction to prosthetic materials--role of von Willebrand 
factor in platelet interaction to PTFE. J Biomater Appl 
1990;5:27-48.

11.	 Cooley DA, Hallman GL, Bloodwell RD. Definitive 
surgical treatment of anomalous origin of left coronary 
artery from pulmonary artery: indications and results. J 
Thorac Cardiovasc Surg 1966;52:798-808.

12.	 Chard RB, Johnson DC, Nunn GR, et al. Aorta-coronary 
bypass grafting with polytetrafluoroethylene conduits. 
Early and late outcome in eight patients. J Thorac 
Cardiovasc Surg 1987;94:132-4.

13.	 Sanders RJ, Kempczinski RF, Hammond W, et al. The 
significance of graft diameter. Surgery 1980;88:856-66.

14.	 Cabrera Fischer EI, Bia Santana D, Cassanello GL, et al. 
Reduced elastic mismatch achieved by interposing vein 
cuff in expanded polytetrafluoroethylene femoral bypass 

decreases intimal hyperplasia. Artif Organs 2005;29:122-30.
15.	 Kidane A, Lantz GC, Jo S, et al. Surface modification 

with PEO-containing triblock copolymer for improved 
biocompatibility: in vitro and ex vivo studies. J Biomater 
Sci Polym Ed 1999;10:1089-105.

16.	 Woodhouse KA, Klement P, Chen V, et al. Investigation 
of recombinant human elastin polypeptides as non-
thrombogenic coatings. Biomaterials 2004;25:4543-53.

17.	 Jordan SW, Haller CA, Sallach RE, et al. The effect of 
a recombinant elastin-mimetic coating of an ePTFE 
prosthesis on acute thrombogenicity in a baboon 
arteriovenous shunt. Biomaterials 2007;28:1191-7.

18.	 Lord MS, Yu W, Cheng B, et al. The modulation of 
platelet and endothelial cell adhesion to vascular graft 
materials by perlecan. Biomaterials 2009;30:4898-906.

19.	 Laredo J, Xue L, Husak VA, et al. Silyl-heparin adsorption 
improves the in vivo thromboresistance of carbon-
coated polytetrafluoroethylene vascular grafts. Am J Surg 
2003;186:556-60.

20.	 Lindholt JS, Gottschalksen B, Johannesen N, et al. The 
Scandinavian Propaten(®) trial - 1-year patency of PTFE 
vascular prostheses with heparin-bonded luminal surfaces 
compared to ordinary pure PTFE vascular prostheses - 
a randomised clinical controlled multi-centre trial. Eur J 
Vasc Endovasc Surg 2011;41:668-73.

21.	 van der Lei B, Wildevuur CR. Improved healing of 
microvascular PTFE prostheses by induction of a clot 
layer: an experimental study in rats. Plast Reconstr Surg 
1989;84:960-8.

22.	 Baird RN, Abbott WM. Pulsatile blood-flow in arterial 
grafts. Lancet 1976;2:948-50.

23.	 Kidson IG, Abbott WM. Low compliance and arterial 
graft occlusion. Circulation 1978;58:I1-4.

24.	 Abbott WM, Megerman J, Hasson JE, et al. Effect of 
compliance mismatch on vascular graft patency. J Vasc 
Surg 1987;5:376-82.

25.	 Walden R, L’Italien GJ, Megerman J, et al. Matched elastic 
properties and successful arterial grafting. Arch Surg 
1980;115:1166-9.

26.	 Sottiurai VS, Sue SL, Feinberg EL 2nd, et al. Distal 
anastomotic intimal hyperplasia: biogenesis and etiology. 
Eur J Vasc Surg 1988;2:245-56.

27.	 Greenwald SE, Berry CL. Improving vascular grafts: the 
importance of mechanical and haemodynamic properties. J 
Pathol 2000;190:292-9.

28.	 Learoyd BM, Taylor MG. Alterations with age in the 
viscoelastic properties of human arterial walls. Circ Res 
1966;18:278-92.



441Annals of cardiothoracic surgery, Vol 2, No 4 July 2013

© AME Publishing Company. All rights reserved. Ann Cardiothorac Surg 2013;2(4):435-443www.annalscts.com

29.	 Tai NR, Giudiceandrea A, Salacinski HJ, et al. In vivo 
femoropopliteal arterial wall compliance in subjects with 
and without lower limb vascular disease. J Vasc Surg 
1999;30:936-45.

30.	 Tabbara M, White RA. Biologic and prosthetic materials 
for vascular conduits. In: Veith FJ, Hobson II RW, 
Williams RA, et al. eds. Vascular surgery: principles and 
practice. 2nd ed. New York: McGraw-Hill, 1994:523-32.

31.	 Baguneid MS, Goldner S, Fulford PE, et al. A comparison 
of para-anastomotic compliance profiles after vascular 
anastomosis: nonpenetrating clips versus standard sutures. 
J Vasc Surg 2001;33:812-20.

32.	 Tiwari A, Cheng KS, Salacinski H, et al. Improving 
the patency of vascular bypass grafts: the role of suture 
materials and surgical techniques on reducing anastomotic 
compliance mismatch. Eur J Vasc Endovasc Surg 
2003;25:287-95.

33.	 Zilla P, Human P, Wolf M, et al. Constrictive external 
nitinol meshes inhibit vein graft intimal hyperplasia 
in nonhuman primates. J Thorac Cardiovasc Surg 
2008;136:717-25.

34.	 Franz T, Human P, Dobner S, et al. Tailored sizes of 
constrictive external vein meshes for coronary artery 
bypass surgery. Biomaterials 2010;31:9301-9.

35.	 Hergenrother RW, Yu XH, Cooper SL. Blood-contacting 
properties of polydimethylsiloxane polyurea-urethanes. 
Biomaterials 1994;15:635-40.

36.	 Schubert MA, Wiggins MJ, Schaefer MP, et al. Oxidative 
biodegradation mechanisms of biaxially strained 
poly(etherurethane urea) elastomers. J Biomed Mater Res 
1995;29:337-47.

37.	 Ishii Y, Kronengold RT, Virmani R, et al. Novel 
bioengineered small caliber vascular graft with excellent 
one-month patency. Ann Thorac Surg 2007;83:517-25.

38.	 Ishii Y, Sakamoto S, Kronengold RT, et al. A novel 
bioengineered small-caliber vascular graft incorporating 
heparin and sirolimus: excellent 6-month patency. J 
Thorac Cardiovasc Surg 2008;135:1237-45; discussion 
1245-6.

39.	 Vara DS, Punshon G, Sales KM, et al. Development of 
an RNA isolation procedure for the characterisation of 
human endothelial cell interactions with polyurethane 
cardiovascular bypass grafts. Biomaterials 2005;26:3987-93.

40.	 Tiwari A, Salacinski HJ, Punshon G, et al. Development 
of a hybrid cardiovascular graft using a tissue engineering 
approach. FASEB J 2002;16:791-6.

41.	 Salacinski HJ, Punshon G, Krijgsman B, et al. A hybrid 
compliant vascular graft seeded with microvascular 

endothelial cells extracted from human omentum. Artif 
Organs 2001;25:974-82.

42.	 Rashid ST, Salacinski HJ, Button MJ, et al. Cellular 
engineering of conduits for coronary and lower limb 
bypass surgery: role of cell attachment peptides and 
pre-conditioning in optimising smooth muscle cells 
(SMC) adherence to compliant poly(carbonate-urea)
urethane (MyoLink) scaffolds. Eur J Vasc Endovasc Surg 
2004;27:608-16.

43.	 Farrar DJ. Development of a prosthetic coronary artery 
bypass graft. Heart Surg Forum 2000;3:36-40.

44.	 Gan BK, Nosworthy NJ, McKenzie DR, et al. Plasma 
immersion ion implantation treatment of polyethylene 
for enhanced binding of active horseradish peroxidase. J 
Biomed Mater Res A 2008;85:605-10.

45.	 Kidane AG, Salacinski H, Tiwari A, et al. Anticoagulant 
and antiplatelet agents: their clinical and device 
application(s) together with usages to engineer surfaces. 
Biomacromolecules 2004;5:798-813.

46.	 Jordan SW, Chaikof EL. Novel thromboresistant 
materials. J Vasc Surg 2007;45:A104-15.

47.	 Kidd KR, Patula VB, Williams SK. Accelerated 
endothelialization of interpositional 1-mm vascular grafts. 
J Surg Res 2003;113:234-42.

48.	 Yavuz K, Geyik S, Pavcnik D, et al. Comparison of the 
endothelialization of small intestinal submucosa, dacron, 
and expanded polytetrafluoroethylene suspended in the 
thoracoabdominal aorta in sheep. J Vasc Interv Radiol 
2006;17:873-82.

49.	 Wu MH, Shi Q, Wechezak AR, et al. Definitive proof 
of endothelialization of a Dacron arterial prosthesis in a 
human being. J Vasc Surg 1995;21:862-7.

50.	 Budd JS, Bell PR, James RF. Attachment of 
indium-111 labelled endothelial cells to pretreated 
polytetrafluoroethylene vascular grafts. Br J Surg 
1989;76:1259-61.

51.	 Seeger JM, Klingman N. Improved in vivo 
endothelialization of prosthetic grafts by surface 
modification with fibronectin. J Vasc Surg 1988;8:476-82.

52.	 Williams SK, Jarrell BE, Friend L, et al. Adult human 
endothelial cell compatibility with prosthetic graft 
material. J Surg Res 1985;38:618-29.

53.	 Badimon L, Turitto V, Rosemark JA, et al. Characterization 
of a tubular flow chamber for studying platelet interaction 
with biologic and prosthetic materials: deposition of 
indium 111-labeled platelets on collagen, subendothelium, 
and expanded polytetrafluoroethylene. J Lab Clin Med 
1987;110:706-18.



442 Byrom et al. The perfect conduit—can we build one?

© AME Publishing Company. All rights reserved. Ann Cardiothorac Surg 2013;2(4):435-443www.annalscts.com

54.	 Xue L, Greisler HP. Blood vessels. In: Lanza R, Langer R, 
Vacanti J. eds. Principles of tissue engineering. 2nd ed. San 
Diego: Academic Press, 2000:427-45.

55.	 Kurotobi K, Suzuki Y, Kaibara M, et al. In vitro and in vivo 
study of ion-implanted collagen for the substrate of small 
diameter artificial grafts. Artif Organs 2003;27:582-6.

56.	 Tugulu S, Silacci P, Stergiopulos N, et al. RGD-
Functionalized polymer brushes as substrates for the 
integrin specific adhesion of human umbilical vein 
endothelial cells. Biomaterials 2007;28:2536-46.

57.	 Sivaraman B, Latour RA. The adherence of platelets to 
adsorbed albumin by receptor-mediated recognition of 
binding sites exposed by adsorption-induced unfolding. 
Biomaterials 2010;31:1036-44.

58.	 Zhou J, Fritze O, Schleicher M, et al. Impact of heart valve 
decellularization on 3-D ultrastructure, immunogenicity 
and thrombogenicity. Biomaterials 2010;31:2549-54.

59.	 Huynh T, Abraham G, Murray J, et al. Remodeling of an 
acellular collagen graft into a physiologically responsive 
neovessel. Nat Biotechnol 1999;17:1083-6.

60.	 Derham C, Yow H, Ingram J, et al. Tissue engineering 
small-diameter vascular grafts: preparation of a 
biocompatible porcine ureteric scaffold. Tissue Eng Part A 
2008;14:1871-82.

61.	 Goissis G, Suzigan S, Parreira DR, et al. Preparation and 
characterization of collagen-elastin matrices from blood 
vessels intended as small diameter vascular grafts. Artif 
Organs 2000;24:217-23.

62.	 Wilson GJ, Yeger H, Klement P, et al. Acellular matrix 
allograft small caliber vascular prostheses. ASAIO Trans 
1990;36:M340-3.

63.	 Nam K, Murakoshi A, Kimura T, et al. Study on the 
physical properties of tissue-engineered blood vessels 
made by chemical cross-linking and polymer-tissue cross-
linking. J Artif Organs 2009;12:47-54.

64.	 Sullivan S, Brockbank K. Small-diameter vascular grafts. 
In: Lanza R, Langer R, Vacanti J. eds. Principles of 
tissue engineering. 2nd ed. San Diego: Academic Press, 
2000:447-54.

65.	 Armour AD, Fish JS, Woodhouse KA, et al. A comparison 
of human and porcine acellularized dermis: interactions 
with human fibroblasts in vitro. Plast Reconstr Surg 
2006;117:845-56.

66.	 Hiemann NE, Mani M, Huebler M, et al. Complete 
destruction of a tissue-engineered porcine xenograft in 
pulmonary valve position after the Ross procedure. J 
Thorac Cardiovasc Surg 2010;139:e67-8.

67.	 Wise SG, Mithieux SM, Weiss AS, et al. Engineered 

Tropoelastin and Elastin-Based Biomaterials. Advances 
in Protein Chemistry and Structural Biology. Academic 
Press, 2009:1-24.

68.	 Larsen CC, Kligman F, Tang C, et al. A biomimetic 
peptide fluorosurfactant polymer for endothelialization 
of ePTFE with limited platelet adhesion. Biomaterials 
2007;28:3537-48.

69.	 Brandes RP, Fleming I, Busse R. Endothelial aging. 
Cardiovasc Res 2005;66:286-94.

70.	 McGuigan AP, Sefton MV. The influence of biomaterials 
on endothelial cell thrombogenicity. Biomaterials 
2007;28:2547-71.

71.	 Wilson JM, Birinyi LK, Salomon RN, et al. Implantation 
of vascular grafts lined with genetically modified 
endothelial cells. Science 1989;244:1344-6.

72.	 Sales KM, Salacinski HJ, Alobaid N, et al. Advancing 
vascular tissue engineering: the role of stem cell 
technology. Trends Biotechnol 2005;23:461-7.

73.	 Meinhart JG, Deutsch M, Fischlein T, et al. Clinical 
autologous in vitro endothelialization of 153 infrainguinal 
ePTFE grafts. Ann Thorac Surg 2001;71:S327-31.

74.	 Laube HR, Duwe J, Rutsch W, et al. Clinical 
experience with autologous endothelial cell-seeded 
polytetrafluoroethylene coronary artery bypass grafts. J 
Thorac Cardiovasc Surg 2000;120:134-41.

75.	 Gabbieri D, Dohmen PM, Koch C, et al. Aortocoronary 
endothelial cell-seeded polytetrafluoroethylene graft: 
9-year patency. Ann Thorac Surg 2007;83:1166-8.

76.	 Campbell JH, Efendy JL, Campbell GR. Novel vascular 
graft grown within recipient’s own peritoneal cavity. Circ 
Res 1999;85:1173-8.

77.	 Weinberg CB, Bell E. A blood vessel model constructed 
from collagen and cultured vascular cells. Science 
1986;231:397-400.

78.	 Niklason LE, Gao J, Abbott WM, et al. Functional arteries 
grown in vitro. Science 1999;284:489-93.

79.	 Dahl SL, Rhim C, Song YC, et al. Mechanical properties 
and compositions of tissue engineered and native arteries. 
Ann Biomed Eng 2007;35:348-55.

80.	 Gong Z, Niklason LE. Blood vessels engineered from 
human cells. Trends Cardiovasc Med 2006;16:153-6.

81.	 Gong Z, Niklason LE. Small-diameter human vessel wall 
engineered from bone marrow-derived mesenchymal stem 
cells (hMSCs). FASEB J 2008;22:1635-48.

82.	 L’Heureux N, Dusserre N, Konig G, et al. Human 
tissue-engineered blood vessels for adult arterial 
revascularization. Nat Med 2006;12:361-5.

83.	 L’Heureux N, McAllister TN, de la Fuente LM. Tissue-



443Annals of cardiothoracic surgery, Vol 2, No 4 July 2013

© AME Publishing Company. All rights reserved. Ann Cardiothorac Surg 2013;2(4):435-443www.annalscts.com

engineered blood vessel for adult arterial revascularization. 
N Engl J Med 2007;357:1451-3.

84.	 Konig G, McAllister TN, Dusserre N, et al. Mechanical 
properties of completely autologous human tissue 
engineered blood vessels compared to human saphenous 
vein and mammary artery. Biomaterials 2009;30:1542-50.

85.	 Mithieux SM, Weiss AS. Elastin. Adv Protein Chem 
2005;70:437-61.

86.	 Fonck E, Prod’hom G, Roy S, et al. Effect of elastin 
degradation on carotid wall mechanics as assessed by a 
constituent-based biomechanical model. Am J Physiol 
Heart Circ Physiol 2007;292:H2754-63.

87.	 Laifer LI, O’Brien KM, Stetz ML, et al. Biochemical basis 
for the difference between normal and atherosclerotic 
arterial fluorescence. Circulation 1989;80:1893-901.

88.	 Sims FH, Gavin JB, Edgar S, et al. Comparison of 
the endothelial surface and subjacent elastic lamina of 
anterior descending coronary arteries at the location of 
atheromatous lesions with internal thoracic arteries of 
the same subjects: a scanning electron microscopic study. 
Pathology 2002;34:433-41.

89.	 Barry MM, Foulon P, Touati G, et al. Comparative 
histological and biometric study of the coronary, radial 
and left internal thoracic arteries. Surg Radiol Anat 
2003;25:284-9.

90.	 Sasajima T, Bhattacharya V, Wu MH, et al. Morphology 
and histology of human and canine internal thoracic 
arteries. Ann Thorac Surg 1999;68:143-8.

91.	 Waterhouse A, Wise SG, Ng MK, et al. Elastin as a 
nonthrombogenic biomaterial. Tissue Eng Part B Rev 
2011;17:93-9. 

92.	 Wise SG, Byrom MJ, Waterhouse A, et al. A multilayered 
synthetic human elastin/polycaprolactone hybrid vascular 
graft with tailored mechanical properties. Acta Biomater 
2011;7:295-303.

93.	 Ooyama T, Fukuda K, Oda H, et al. Substratum-bound 
elastin peptide inhibits aortic smooth muscle cell migration 
in vitro. Arteriosclerosis 1987;7:593-8.

94.	 Ito S, Ishimaru S, Wilson SE. Application of coacervated 
alpha-elastin to arterial prostheses for inhibition of 
anastomotic intimal hyperplasia. ASAIO J 1998;44:M501-5.

95.	 Nerem RM. Role of mechanics in vascular tissue 
engineering. Biorheology 2003;40:281-7.

96.	 Martin SL, Vrhovski B, Weiss AS. Total synthesis and 
expression in Escherichia coli of a gene encoding human 
tropoelastin. Gene 1995;154:159-66.

97.	 Waterhouse A, Yin Y, Wise SG, et al. The immobilization 
of recombinant human tropoelastin on metals using a 
plasma-activated coating to improve the biocompatibility 
of coronary stents. Biomaterials 2010;31:8332-40.

98.	 Liu HJ. Covalent immobilisation of recombinant human 
tropoelastin enhances biocompatibility of ePTFE vascular 
grafts [B Med Sc Honours thesis]. Sydney: University of 
Sydney, 2011.

99.	 Koenders MM, Yang L, Wismans RG, et al. Microscale 
mechanical properties of single elastic fibers: the role of 
fibrillin-microfibrils. Biomaterials 2009;30:2425-32.

100.	Duling RR, Dupaix RB, Katsube N, et al. Mechanical 
characterization of electrospun polycaprolactone (PCL): 
a potential scaffold for tissue engineering. J Biomech Eng 
2008;130:011006.

101.	Venkatraman S, Boey F, Lao LL. Implanted cardiovascular 
polymers: Natural, synthetic and bio-inspired. Prog Polym 
Sci 2008;33:853-74.

102.	Zhu Y, Cao Y, Pan J, et al. Macro-alignment of electrospun 
fibers for vascular tissue engineering. J Biomed Mater Res 
B Appl Biomater 2010;92:508-16.

103.	Venugopal J, Ma LL, Yong T, et al. In vitro study of 
smooth muscle cells on polycaprolactone and collagen 
nanofibrous matrices. Cell Biol Int 2005;29:861-7.

Cite this article as: Byrom MJ, Ng MK, Bannon PG. 
Biomechanics and biocompatibility of the perfect conduit—can 
we build one? Ann Cardiothorac Surg 2013;2(4):435-443. doi: 
10.3978/j.issn.2225-319X.2013.05.04


