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REVIEW

Bioengineering Human Tissues and the Future of 
Vascular Replacement
Kaleb M. Naegeli , Mehmet H. Kural ,* Yuling Li,* Juan Wang,* Emmanuelle A. Hugentobler , Laura E. Niklason

ABSTRACT: Cardiovascular defects, injuries, and degenerative diseases often require surgical intervention and the use of 
implantable replacement material and conduits. Traditional vascular grafts made of synthetic polymers, animal and cadaveric 
tissues, or autologous vasculature have been utilized for almost a century with well-characterized outcomes, leaving areas of 
unmet need for the patients in terms of durability and long-term patency, susceptibility to infection, immunogenicity associated 
with the risk of rejection, and inflammation and mechanical failure. Research to address these limitations is exploring avenues 
as diverse as gene therapy, cell therapy, cell reprogramming, and bioengineering of human tissue and replacement organs. 
Tissue-engineered vascular conduits, either with viable autologous cells or decellularized, are the forefront of technology 
in cardiovascular reconstruction and offer many benefits over traditional graft materials, particularly in the potential for the 
implanted material to be adopted and remodeled into host tissue and thus offer safer, more durable performance. This review 
discusses the key advances and future directions in the field of surgical vascular repair, replacement, and reconstruction, with 
a focus on the challenges and expected benefits of bioengineering human tissues and blood vessels.
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Regenerative medicine and bioengineering of func-
tional human tissues strive to fulfill the evergrowing 
need for organ repair, regeneration, or replacement. 

In the quest for performance and durability comparable to 
autologous tissues with no or minimal immune response, 
manufacturing challenges are only commensurate with 
the immense benefit for patients in a variety of condi-
tions such as traumatic injuries, chronic and degenera-
tive conditions, cancer, and autoimmune diseases. Tissue 
engineering, already impactful in areas such as derma-
tology with the manufacturing of cellular or acellular 
skin substitutes, has been making considerable strides 
in the vascular field. The development of human tissue 
material for vascular repair, replacement, or reconstruc-
tion aims to offer a readily available, off-the-shelf alter-
native to autologous conduits with characteristics similar 
in terms of immunogenicity and long-term functionality, 
while eliminating the wound care and operating time bur-
den associated with harvesting patients’ own vessels.1,2 
The number of patients requiring replacement vascular 

conduits is steadily growing. Cardiovascular disease is 
the leading cause of mortality in the United States, and 
in 2018 alone, 26.1 million adults had coronary heart dis-
ease, heart failure, or stroke. Often the outcome of these 
conditions requires surgery, and every year, ≈370 000 
coronary artery bypass grafts (CABG), 156 000 heart 
valve operations, and 86 000 coronary endarterectomies 
are performed in the United States alone.3 Peripheral 
artery disease (PAD) and vascular injuries, including civil-
ian and military traumatic injuries, represent another area 
of critical need for replacement vessels. In 2015, >200 
million people globally were living with PAD3,4 with a 13% 
increase in prevalence in high-income countries between 
2000 and 2010,3,4 while vascular injuries especially in 
the military setting are on the rise.5,6

Furthermore, patients on hemodialysis for end-stage 
renal disease (ESRD) require access to the circulatory 
system multiple times per week relying on either a central 
catheter or a superficial arteriovenous loop access cre-
ated surgically. The arteriovenous conduit is most often on 
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the upper limb, either with the patients’ vessels (arteriove-
nous fistula [AVF]) or by the insertion of a synthetic graft 
such as expanded polytetrafluoroethylene (ePTFE). The 
incidence of ESRD has been steadily increasing since 
1980,7 with 809 000 prevalent cases in the United States 
as of December 2019, of which 62.5% were treated with 
hemodialysis.8 Although autologous AVF is the preferred 
option in most cases,9 as of 2019, only 15.2% of patients 
initiate hemodialysis with an AVF, leaving the vast major-
ity to rely on central venous catheters or synthetic grafts, 
which puts them at high risk for infection and thrombosis 
and highlights the need for new materials.9

Vascular replacements have been used for over 60 
years, initially with synthetic polymers followed by the first 
autologous saphenous vein (SV) graft implemented in 
1967 by Favaloro et al.10 Today, vascular grafts originate 
from 4 broad sources: synthetic polymers, xenogeneic 
tissues, allogeneic or autologous tissues, and engineered 

tissues. While all have proven functional to a degree, 
each of these types of vascular replacements has vastly 
different outcomes in vivo, with infection, inflammation, 
occlusion, and degradation presenting as the most fre-
quent failure modes.11 One of the greatest challenges 
to deployment of vascular grafts is their adoption by the 
host and ability to remodel into new tissues. Regenera-
tive medicine focuses on the production of materials or 
techniques that harness the body’s own remodeling abili-
ties, to improve these outcomes, and offer recipients the 
experience of fully functional organs. This review details 
the challenges of bioengineering human blood vessels 
and their expected applications, comparing their fea-
tures with those of historical conduits and with the cur-
rent options in development to outline potential future 
avenues of research.

TRADITIONAL VASCULAR GRAFTS
Traditional vascular grafts in use today include synthetic 
conduits, xenografts of mostly bovine or porcine origin, 
cadaveric allografts, and autografts obtained by har-
vesting a patient’s own vessels, primarily SVs or internal 
mammary arteries (IMAs).

Nondegradable Polymer Grafts
Synthetic nondegradable polymer vascular grafts are 
made of ePTFE (Gore-Tex), polyethylene terephthalate 
(Dacron), and polyurethane (PU); their appeal lies in their 
relatively inexpensive production, off-the-shelf availabil-
ity, and long shelf lives.

In practice, ePTFE grafts have been classified as low 
porosity (<30 μm internodal distance) and high porosity 
(>45 μm internodal distance), with the observation that 
higher porosity would offer greater potential for tissue 
ingrowth while lower porosity means stiffer, less flexible 
grafts with reduced tissue ingrowth and endothelializa-
tion.12,13 Drawbacks, in small-diameter (<6 mm) settings 
in particular, include problematic long-term patency due 
to the graft’s susceptibility to thrombosis, inflammation, 
stenosis, and associated compliance mismatch with the 
host vessels.14 On par with infection, thrombosis is the 
other major complication of ePTFE vascular grafts, par-
ticularly at smaller diameters.12,13,15

Dacron offers another type of synthetic nondegrad-
able polymer conduit. Textile vascular grafts made from 
polyethylene terephthalate fibers are either woven or 
knitted. While woven grafts have small pores with lower 
permeability and less bleeding, knitted grafts formed by 
looping fibers together have larger pores that promote 
greater tissue ingrowth and are more compliant. How-
ever, due to larger pore sizes, knitted grafts must be 
preclotted with a degradable coating of albumin, gelatin, 
or even blood to prevent plasma seepage and seroma 
formation after implantation, especially in high-pressure 

Nonstandard Abbreviations and Acronyms

AVF	 arteriovenous fistula
bFGF	 basic fibroblast growth factor
CABG	 coronary artery bypass grafting
CRISPR	� clustered regularly interspaced short 

palindromic repeats
CVG	 cryopreserved vein graft
EC	 endothelial cell
ECM	 extracellular matrix
eNOS	 endothelial NO synthase
ePTFE	 expanded polytetrafluoroethylene
ESRD	 end-stage renal disease
FGF	 fibroblast growth factor
HAV	 human acellular vessel
HGF	 hepatocyte growth factor
HIF-1L	 hypoxia-inducible factor 1-alpha
IGF-1	 insulin-like growth factor 1
IMA	 internal mammary artery
iNOS	 inducible NO synthase
IVC	 inferior vena cava
PAD	 peripheral artery disease
PDGF-BB	 platelet-derived growth factor BB
PGA	 polyglycolic acid
PU	 polyurethane
SDF-1	 stromal cell-derived factor-1
SMC	 smooth muscle cell
SV	 saphenous vein
TEVG	 tissue-engineered vascular graft
TIMP-1	 tissue inhibitor of metalloproteinase 1
VEGF	 vascular endothelial growth factor
VEGF-R2	� vascular endothelial growth factor recep-

tor 2



Review

Circulation Research. 2022;131:109–126. DOI: 10.1161/CIRCRESAHA.121.319984� June 24, 2022    111

Naegeli et al Bioengineering Human Blood Vessels

vessels like the aorta.16 Poor patency over the long-term, 
notably in small-diameter vessels, still limits Dacron use 
clinically.17 Systematic evaluation and meta-analysis 
of randomized controlled trials comparing Dacron and 
ePTFE have shown no substantial advantages of one 
conduit type over the other in terms of primary and sec-
ondary patency rates or infection.18

PU vascular grafts represent the other segment of 
synthetic grafts, constructed as copolymers of 3 different 
monomers: (1) hard, crystalline segments for rigidity; (2) 
a polymer chain extender; and (3) soft, amorphous seg-
ments for flexibility, most commonly polyester, polyether, 
or polycarbonate.19 Degradation of traditional PU grafts 
under physiological conditions is a concern, with structural 
failure linked to enzymatic attack, oxidative stress, and 
reaction to strain or stress cracking, but the main concern 
in clinical applications is the risk of thrombosis.19 Overall, 
ePTFE, Dacron, and PU grafts show little or no transmural 
tissue ingrowth and similar patency rates over time.11

Nondegradable synthetic grafts pose continued risk 
to patients in terms of patency rates, mechanical com-
pliance, infection, and durability,15 as shown in ePTFE 
explant (Figure  1). Up to 90% of patients with graft 

thrombosis have intimal hyperplasia that led to stenosis,20 
and infection is reported in up to 17% of synthetic arte-
riovenous grafts that are used for hemodialysis access.21 
More critically, patency rates of grafts at diameters <5 
mm are unacceptably low.11

Several research strategies have been implemented 
with the goals of reducing infection rates, promoting 
endothelialization, and inhibiting inflammation. Thus 
far, these have failed to produce significant benefits.11 
Coatings may contain heparin, create nitric oxide, utilize 
micro-RNAs to decrease intimal hyperplasia,22 or stimu-
late endothelial cell (EC) growth through factors such 
as VEGF-R2 (VEGF [vascular endothelial growth factor] 
receptor 2),13 angiogenic micro-RNAs,23 or resorbable 
polymers to promote endothelialization.24 These coat-
ings have yielded unconvincing results thus far, likely 
because of the limited time during which these coat-
ings are active due to passivation by contact with blood 
proteins, as well as host responses to the bulk foreign 
material of the conduit.25 Finally, seeding with ECs has 
been explored over the past 20 years with limited clini-
cal success.14,19,25-28 In an effort to improve the hemo-
compatibility of ePTFE grafts, autologous ECs have been 

Figure 1. Explants of expanded polytetrafluoroethylene grafts used as hemodialysis vascular access at 7 mo post-implantation.
A, Thrombosis (arrowhead), inflammatory exudate (IE), adventitia (Ad), graft (G) and pannus (P) in trichrome staining. B, Fragmented wall with 
Ad and fibrosis in the defect (F) and thrombosis (T) in hematoxylin and eosin staining. C, Multinucleated giant cells (large arrows), macrophages 
(small arrow), and neutrophils (arrowhead) in hematoxylin and eosin staining. D, Gram-positive cocci (arrows) within intraluminal fibrin along 
luminal surface in Gram staining.
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seeded onto the lumen.26 ECs derived from small vein 
biopsies were expanded and cultured on ePTFE grafts 
over 4 weeks, which then were implanted as femoropop-
liteal grafts in patients with severe PAD. In a study of 
>300 patients who received the endothelialized grafts, 
a 76% 5-year patency rate was comparable to that of 
native SV, making this endothelialization approach a pos-
sible avenue for exploration.26 However, the need for har-
vesting suitable numbers of autologous ECs from vein 
segments, the time and cost involved in the growth and 
seeding of these ECs, along with challenges with long-
term EC adherence to artificial surfaces, have prevented 
more widespread adoption of this technology.

Autologous Blood Vessels
Of all graft options, autologous blood vessels possess 
physiological properties that align the most closely 
with that of the vasculature requiring repair (Figure 2), 
thus making them an appealing first option. Options 
frequently used in cardiovascular surgery range from 
small-diameter arteries (radial artery and internal tho-
racic artery) to greater and lesser saphenous, brachial, 
or other arm veins.29 In coronary artery bypass surgery, 
the most recent American College of Cardiology guide-
lines recommend the use of the autologous arteries over 
SVs, specifically the left internal mammary (also known 
as thoracic) artery followed by its right counterpart or 
both IMA in a procedure called bilateral IMA grafting, 
and the radial artery for multivessel CABG, all of which 
show better patency outcomes over the use of SV graft-
ing.30 In coronary revascularization surgery, 3% to 12% 
of SV grafts become occluded within the first month fol-
lowing CABG.31,32 Long-term patency of the SVs in this 
setting is poor, with up to 50% of grafts failing within 10 
years, mostly due to fast-progressing atherosclerosis on 
a foundation of neointimal hyperplasia.31,32

The superior performance of the IMA may be 
explained by its anatomic structure. It is an elastic artery 
with elastin unevenly distributed in its structure: while the 
origin, proximal, and middle parts of the IMA contain 5 
to 10 elastin laminae, the distal segment has a predomi-
nately muscular tunica media containing a limited num-
ber of elastic lamellae33; when used as a vascular graft, 
the presence of distensible elastin in the media corre-
lates with considerably less intimal thickening as com-
pared with other muscular arteries.33 IMA grafts placed in 
the aorta-coronary circulation are inherently accustomed 
to the high-pressure arterial flow, and the size similarity 
between the grafts and the coronary arteries may play a 
role in protecting the IMA from development of athero-
sclerosis and may contribute to long-term patency.34,35

The ECs of the IMA are densely stacked and firmly 
anchored to the subendothelium and encounter minimal 
disturbance during IMA harvesting. The IMA endothe-
lium displays fewer fenestrations and lower intercellular 

junctional permeability as compared with the endothelium 
of SV, which might prevent lipoproteins from entering the 
subendothelial space and instigating inflammation and 
intimal hyperplasia. The ECs of the IMA are also rich in 
heparin sulfate and eNOS (endothelial NO synthase), 
which may help with maintaining patency after CABG.35

Early IMA graft failure is most commonly attributed to 
technical errors with harvesting and graft anastomosis. 
When thickening of the intima happens, it consists pri-
marily of smooth muscle cells (SMCs), proteoglycan, col-
lagen, and elastin fibers with luminal ECs and is generally 
observed at the anastomotic suture site between 1 week 
to 2 months.35 Studies suggest that intimal thickening 
does not increase with time.35

In patients experiencing PAD and requiring surgical 
revascularization, the use of autologous SV is recom-
mended over synthetic materials (ePTFE; Dacron) due to 
better patency rates and reduced risk of reintervention.36 
Multiple studies and meta-analyses have demonstrated 
superiority of SV grafts in femoropopliteal bypass, par-
ticularly at longer points of follow-up to synthetic and 
xenogeneic alternatives.37,38

The SV structure is that of a typical vein, with intimal, 
medial, and adventitial layers. The intima is lined by an 
endothelium that lies on a fenestrated basement mem-
brane. This endothelium may be more susceptible than 
that of the IMA to injury during vessel harvesting, stor-
age, and implantation because it is less firmly anchored 
to the subendothelium.39 The thin media is composed 
of SMCs arranged in ≥2 circular layers and interlaced 
between bundles of collagen and elastic fibers and sepa-
rated from the intima by a small internal elastic mem-
brane. A relatively thick adventitia shows a loose network 
of longitudinally oriented collagen bundles and embed-
ded vasa vasorum.40

A vein inserted into the arterial circulation develops 
intimal hyperplasia.41 Increased wall tension becomes 
the significant driver of development of intimal thicken-
ing after implantation into the arterial environment, and 
deformation of SMCs by pulsatile stretch stimulates their 
proliferation while deformation of the vessel wall in a 
circumferential direction is associated with medial thick-
ening.42-44 Dysfunctional endothelial regulation exac-
erbates the development of intimal hyperplasia, while 
EC loss induces platelet adhesion and accumulation of 
inflammatory cells in the denuded areas, which in turn 
stimulates the release of cytokines including PDGF-BB 
(platelet-derived growth factor BB), bFGF (basic FGF 
[fibroblast growth factor]), and IGF-1 (insulin-like growth 
factor 1). These signals stimulate SMC proliferation in 
the intima.31 Attenuation of EC production of antimitotic 
agents including prostacyclin, NO, and adenosine further 
contributes to SMC migration and replication.31 All these 
elements combine to allow activated SMCs to synthesize 
and release collagen and other ECM (extracellular matrix) 
proteins in the intima, leading to intimal hyperplasia.31,45
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After implantation into arterial environments, SV grafts 
rapidly remodel with a change in lumen size and wall 
thickness,31,44 mostly within the first 30 days but then 
continuing thereafter, to gradually stabilize in response 
to hemodynamic stress.46-48 In addition to intimal hyper-
plasia, atherosclerotic disease progresses rapidly in SV 
grafts explaining the disappointing long-term patency of 
SV grafts in CABG and in peripheral vascular surgery.45,49

With the goal of limiting the damage inflicted to the 
endothelium of harvested veins, research efforts have 

focused on the protection of vessels harvested for use 
in revascularization surgery. DuraGraft is an example 
of a flushing and storage solution that is approved in 
Europe and was developed to protect the structural and 
functional integrity of the vascular endothelium. It is an 
ionically and pH-balanced physiological salt solution 
containing L-glutathione, L-ascorbic acid, L-arginine, and 
other additives, designed to minimize the risk of neo-
intimal hyperplasia stemming from injury to the vein’s 
endothelium during harvesting and storage.50 Haime et 

Figure 2. Strengths and weaknesses of different vascular graft materials.
A semiquantitative heat map representing the qualities of the vascular graft materials discussed, with green indicating high, yellow indicating medium, 
and red indicating low relative amounts or incidence of the parameters listed on the vertical axis. TEVG indicates tissue-engineered vascular graft. 
Illustration credit: Patrick Lane.
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al compared the experimental solution to heparinized 
saline in patients undergoing CABG with SV (1036 ver-
sus 1400 patients, respectively). Long-term follow-up 
showed a potential benefit over heparinized saline with a 
45% lower occurrence of nonfatal myocardial infarction 
after 1000 days and a significantly lower risk for revas-
cularization and MACE but failed to show differences in 
the rate of events on the short term; mortality was com-
parable between groups.50

ALLOGENEIC AND XENOGENEIC 
MATERIALS
Cryopreserved Grafts
Cryopreserved cadaveric allogeneic veins (CVGs) have 
been used for >2 decades as an alternative when syn-
thetic grafts are undesirable, such as in the case of an 
infected field and when autologous veins are unavail-
able. The need for cryopreservation and specialized stor-
age and the related planning, thawing, and preparation 
time, all represent practical limitations to the use of such 
conduits. In addition, cryopreserved veins have accumu-
lated insults inflicted during harvesting and storage that 
decrease the functional performance of the endothelium. 
Most importantly, the presence of viable allogeneic cells 
elicits an immune response from the recipient that not 
only jeopardizes patency but also impacts the future 
chance of successful organ transplant in the case of 
end-stage kidney disease.51 Overall, patency and perfor-
mance reported in the literature are mixed, across indica-
tions and use, due to a combination of these factors.51-55 
Multiple studies have investigated the use of CVGs as 
an alternative in surgical procedures including infraingui-
nal bypass, CABG, hemodialysis access, and portal vein 
reconstruction when autologous SV is unavailable.51-55 
Primary patency rates are poor in the majority of studies, 
with thrombotic occlusion as the primary cause of graft 
failure.52,53,55 In a series of CVGs used for CABG, only 
1 of 17 remained patent after 12 months.55 In periph-
eral revascularization procedures, highly variable primary 
patency rates (17%–53%) at 1 year were reported in 
patients with infrainguinal bypass using CVG.52,53 Long-
term patency rates were 19% to 22% and 3% at 2 years 
and 4 years, respectively.53 Again, occlusion resulting 
from thrombosis was the primary cause of CVG fail-
ure.52,53 Carpenter et al56 examined 19 explanted sam-
ples from a prospective study of 40 patients undergoing 
below-knee lower extremity revascularization. Of the 
explanted CVGs, 47% had moderate or severe intimal 
thickening and with a trend of intimal thickening increas-
ing with time after implantation. A cellular infiltrate, which 
was evenly distributed throughout the intima, media, and 
adventitia, was detected in all explanted grafts with mod-
erate or severe cellular infiltration in one-third of grafts. 

Leukocytes, T cells (CD3 [cluster of differentiation 3] 
and CD8), and HLA II-DR positive markers were identi-
fied that suggested that an adaptive immune response 
might be driving allograft failure.56 However, low-dose 
immunosuppression therapy did not improve allograft 
patency significantly, and evidence for involvement of 
immunologic rejection in cryopreserved vein failure is 
variable and inconsistent in other studies.57

Xenogeneic Cardiovascular Grafts
ECM grafts of xenogeneic origin combine the ben-
efits of abundant supply with a biological tissue that is 
strong, pliable, and durable (Figure  2). Cardiovascular 
xenografts are derived from varying mammalian tissue 
sources, often bovine or porcine. All vascular xenografts 
currently utilized are decellularized, with the intention of 
lowering the immunogenic potential of the graft. Xeno-
graft efficacy and durability are heavily influenced by 
their specific application. Whether utilizing CorMatrix 
porcine small intestinal submucosa,58,59 bovine carotid 
artery (Artegraft),60-64 or mesenteric vein (ProCol)65,66 
for arteriovenous access for hemodialysis, some studies 
have shown adequate performance compared with autol-
ogous or synthetic alternatives. The overall lower pres-
sures applied to arteriovenous grafts, as compared with 
arterial grafts, may underlie some of the performance 
benefits observed with xenografts in dialysis access.

Beyond hemodialysis, xenografts have also been uti-
lized for vascular repair with satisfactory patency and 
long-term performance,67,68 even when compared with 
autologous grafts.69,70 Not all vascular applications of 
xenograft ECM have shown desirable efficacy, however. 
While some successes have been documented,71,72 imple-
mentation of xenografts to repair cardiac defects and 
damage have produced higher rates of reintervention 
and failure in both neonatal/pediatric populations,73–75 
as well as adults.76,77 Utilization of xenografts to repair 
and reconstruct arteries has produced notable mechani-
cal failures of the materials.78–82 These adverse events 
suggest that not all cardiac and vascular sites, especially 
those that experience mechanical stress or high pres-
sure, are equally suited for xenograft-based repairs. 
Serum samples collected from patients who received 
a decellularized allograft showed a slight increase in 
IgG levels in the first 4 months after implantation. But 
IgG responses to Matrix P valves were 6× higher than 
for allografts, indicating a sustained immune response 
against the xenograft and providing a potential basis for 
xenograft ECM degradation and graft failure.82

A major appeal of utilizing biological materials for car-
diovascular repair is the putative ability of the material 
to remodel and to be adopted as a functional tissue in 
the host. Although some studies have shown evidence 
of remodeling over time,83-85 the responses observed to 
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vascular xenografts may not accurately recapitulate the 
typical range of response to these ECM materials, as 
almost all instances of histological examination occur 
after the failure of an implanted graft. To obtain a better 
perspective of xenograft ECM remodeling over time, an 
explanted postmortem series of 10 CorMatrix xenografts 
from neonatal and pediatric patching of the great vessels 
or coronary arteries was reported.86 In these samples, an 
intima formed around the ECM xenograft and progres-
sively thickened over time (1 week to 26 months). The 
new tissue was lined by an endothelium within 1 week of 
implantation, and CD31+ capillaries formed on the lumi-
nal side of the patch. During the time course, the ECM 
xenografts degraded and remained acellular, suggesting 
that such materials were not remodeled per se but instead 
function as a scaffold for new tissue growth surrounding 
the original xenograft implant. In this way, xenogeneic tis-
sues may mimic the remodeling of synthetic materials to 
a degree, with limited host cell infiltration into the implant, 
and formation of extensive host tissue surrounding the 
graft.86

While some histological data demonstrate partial 
recellularization of xenografts, many clinical reports of 
explanted specimens provide evidence of inflammation, 
calcification, and neointima formation without cellular-
ization of the implanted ECM. Failed CorMatrix grafts 
used as valve replacements in the aorta and pulmonary 
artery showed a foreign body giant cell response, no cell 
infiltration, and gradual degradation of the ECM.71,72 An 
inflammatory response comprised of eosinophils, mac-
rophages, and giant cell reactions has been repeatedly 
demonstrated in explants of CorMatrix and Cardio-
Cel.76,80,87 In limited observation of a single patient with 2 
CorMatrix patches, 1 patch generated a marked inflam-
matory response while the other did not, indicating that 
such responses could be tissue specific or related to the 
surgical procedure.86 In many but not all cases, explanted 
xenografts showing inflammation also show fibrosis and 
calcification, processes that are undesirable for develop-
ment of true functional neotissues.80,87,88 In a study where 
15% (9/60) CardioCel heart valve grafts from both 
adults and children failed, all explanted grafts showed 
matrix degeneration and a lack of recellularization.89

In summary, xenografts for cardiovascular repair 
and reconstruction offer potential benefits and have 
been successfully deployed in some surgical applica-
tions. However, graft failures due to loss of graft integ-
rity, inflammation, and fibrosis have repeatedly been 
observed, often in environments experiencing mechani-
cal stress or high pressures. And despite evidence of 
recellularization in preclinical models, most observed 
xenograft explants from patients do not show recellular-
ization of the graft itself and instead demonstrate repop-
ulation of cells around the periphery of the graft. When 
such perigraft tissue growth is outpaced by degradation 
of the xenogeneic ECM, these grafts can fail.

CURRENT AND FUTURE RESEARCH 
AVENUES
Autologous grafts still remain the preferred option for 
vessel replacement or repair, eliminating the risk of 
rejection presented by xenografts and allogeneic vein 
grafts, offering a resistance to infection better than that 
of synthetic materials and displaying mechanical proper-
ties most closely aligned with the conduit to be replaced. 
However, they face limitations with regard to availability, 
risk of thrombosis due to damaged endothelium, inti-
mal hyperplasia, and accelerated atherosclerosis.29 New 
research avenues focus on the generation of innova-
tive materials that would decrease the risk of infection, 
thrombosis, and rejection and either undergo remodeling 
by the host or induce regeneration and repair of the host 
own tissues (Figure 3).

Gene Therapy
Gene therapy is being explored in a variety of diseases, 
from cancer to genetic, infectious, and degenerative 
diseases. Therapeutic genes are brought to the cells 
by vectors, including nonviral (plasmids, bacterial) and 
viral vectors. Alternatively, patients’ own cells can be 
harvested, genetically modified, and returned to the 
patients. More recently, CRISPR (clustered regularly 
interspaced short palindromic repeats) and other tech-
nologies and editing human genes directly to repair 
mutations that cause diseases represent a potential 
evolution of the technology.90

In PAD, a Cochrane systematic review published in 
2018 looked at 17 randomized and quasi-randomized 
studies that evaluated gene therapy versus no gene 
therapy (excluding cell-based therapies) in people with 
PAD, providing data for a total of 1988 participants.91 
Growth factor-encoding gene therapy was the most 
frequently studied with 6 studies using VEGF-encoding 
genes, 4 using HGF (hepatocyte growth factor)-encod-
ing genes, and 3 using FGF-encoded genes. In addi-
tion, HIF-1L (hypoxia-inducible factor 1-alpha) gene 
therapy was evaluated in 2 studies and developmental 
endothelial locus-1 gene therapy and SDF-1 (stromal 
cell-derived factor-1) gene therapy in one study each 
(Figure 3). None of these gene therapy studies in PAD 
showed clear differences in the key outcomes of ampu-
tation-free survival, major amputation, and all-cause 
mortality between the two groups (gene therapy versus 
no gene therapy). Studies did not allow conclusions to 
be reached on impact of gene therapy on wound heal-
ing, quality of life, ankle-brachial index, symptom scores, 
or claudication distance.91

In the cardiovascular area specifically, several products 
designed to trigger neoangiogenesis and address critical 
limb ischemia, intermittent claudication, or ischemic heart 
disease have been studied in clinical trials. In a 2013 review 
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of gene therapy for the revascularization of the ischemic 
myocardium, Kaminsky et al92 point out that a number of 
angiogenic mediators such as VEGF, FGF, HGF, and oth-
ers encoded by DNA plasmids or adenovirus vectors have 
been extensively studied with disappointing results. Aside 
from angiogenic outcomes, other goals of gene therapy 
can include reduction of fibrosis, induction of replication 
of endogenous cardiomyocytes, or expansion of exist-
ing cardiac stem cells, though these outcomes have not 
yet been significantly demonstrated. Some of the issues 

faced by angiogenesis-based therapeutic approaches 
and gene therapy products lay in the identification of the 
most effective route of delivery, dosing, and frequency of 
treatment that are needed to achieve results. In addition, 
the field needs progress in decreasing immunogenicity of 
delivering vectors, identifying nonintegrative vectors for 
enhanced patient safety, minimally invasive delivery tech-
niques for genetic delivery payloads, as well as gaining a 
better understanding of off-target effects of gene prod-
ucts or gene integration sites, are needed.

Figure 3. The future of tissue-engineered vascular grafts.
Multiple avenues of research continue to advance the field of engineering of vascular grafts. Some of the approaches undertaken and discussed 
in this article are depicted herein. Illustration credit: Patrick Lane.
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Despite many years of exploration and relative lack 
of clinical benefits, there is a resurgence of interest in 
newer gene therapy approaches, led by cell reprogram-
ming, though these efforts remain largely nascent and 
preclinical.93

Cellular Reprogramming
Postmyocardial infarction, for example, the most prom-
ising option seems to be the cellular reprogramming 
approach that aims at regenerating cardiomyocytes 
directly from endogenous scar fibroblasts, bypassing the 
typical cardiomyocyte progenitor state. In animal mod-
els, this approach to cardiac regeneration by injection 
of fibroblast reprogramming factors (Gata4, Mef2c, and 
Tbx5 [GMT])94,95 shows 10% to 25% improvement from 
baseline in postinfarct ejection fraction and reduction in 
fibrosis by almost 50%.96-100 Cardiac gene therapy that 
aims to reconstitute myocardium, as opposed to simply 
increasing angiogenesis, may help resolve some of the 
obstacles that myocardial cell therapy faces, including 
poor electromechanical integration and low implanted 
cell survival.101

Biodegradable Vascular Grafts
The concept of biodegradable vascular grafts was pro-
posed as early as 1919.102 Biodegradable vascular 
grafts comprise a synthetic 3-dimensional framework 
that aims to elicit cell adhesion, infiltration, and prolifera-
tion, thus allowing cells to produce their own ECM and 
finally transform into native tissue without residual poly-
mers.103 Multiple biodegradable polymers for vascular 
grafts have been investigated, including polyglycolic acid 
(PGA), polylactic acid, poly(ε-caprolactone), polydioxa-
none, poly(glycerol-sebacate), poly-4-hydroxybutyrate, 
and their copolymers and polymer combinations.104 This 
field has struggled to achieve the appropriate balance 
between premature and late polymer scaffold degrada-
tion. Finding this balance is a critical consideration for 
the design of biodegradable scaffolds and remains a 
challenge for clinical application, since premature deg-
radation leads to early loss of structural integrity and 
increased risks of rupture, while late degradation causes 
foreign body response and prevents adaptive neotissue 
formation. Many researchers have utilized biodegradable 
polymers as a scaffold for generating a vascular graft in 
vitro, in particular, in pediatric cardiac surgery indications 
to potentially repair congenital defects.105-108

Xeltis AG developed a highly porous polymer-based 
degradable scaffold composed of chain-extending poly-
caprolactone with 2-ureido-4[1H]-pyrimidinone (a bio-
absorbable supramolecular polyester),109 designed to 
be immediately functional while offering physiochemi-
cal characteristics thought to enable cell infiltration and 
subsequent endogenous tissue formation. Following 

encouraging functional results in animal models,110 the 
graft was implanted in a feasibility trial in one center in 
Moscow in 5 pediatric patients (aged 4–12 years) as an 
extracardiac connection between the inferior vena cava 
(IVC) and the pulmonary artery. All patients were doing 
well at 24 months of follow-up, with no graft-related seri-
ous adverse events, and transthoracic echocardiography 
demonstrated adequate function of the conduit in all 
patients while magnetic resonance imaging showed ana-
tomic and functional stability of the restorative grafts.111 
Early outcomes of a preliminary global, multicenter clini-
cal study in 18 patients, using the material as an implant-
able replacement cardiac valve showed early failure of 
the implanted valves. The early mechanical valve failures 
led to structural modifications of the implant and high-
lighted the need for further evaluation of the material.112

Incremental advances have somewhat improved 
the performance of nonbiodegradable synthetic grafts 
made of ePTFE, Dacron, or PU, which compared with 
degradable grafts are relatively inexpensive to produce 
and have long shelf lives but carry a significant risk of 
failure due to thrombosis, stenosis, and infection. The 
biodegradable polymer grafts have been developed with 
the goal of transforming in situ from a polymeric tube 
to a living, vessel-like structure, producing a broadly 
available therapy for patients without autologous alter-
natives. The immune response to synthetic scaffolds 
is poorly understood and requires further investigation 
(Figure 3).113

Finding the proper pore size affects the remodeling 
outcomes. Pore size may be more critical for materials 
that degrade slowly or have poor cell adhesion. In gen-
eral, smaller pores in the size range of 25 to 40 μm tend 
to promote macrophage infiltration better than larger 
pores.114 Many synthetic grafts are electrospun—a pro-
cess that typically yields small pores.

From the perspective of mechanical properties, both 
currently available nondegradable and biodegradable 
synthetic grafts are stiffer than native arteries. The 
mechanical discordance at the anastomoses induces 
disruptions of transmural stress and shear stress at the 
intima level, negatively impacting both ECs and SMCs, 
resulting in turbulent flow and anastomotic or neointimal 
hyperplasia, ultimately leading to thrombosis. Although 
an attractive concept, potential pitfalls of surgically 
implanting synthetic biodegradable scaffolds include 
degradation times that are not aligned with the rate of 
remodeling in the host, leading to risk of aneurysms, 
early structural and mechanical failure, as well as the risk 
of chronic inflammatory responses and fibrosis with ste-
nosis and thrombosis associated risks.

To try and resolve some of these issues, many 
researchers have turned to biodegradable polymers as 
scaffolds for generating a vascular graft in vitro, and 
these approaches are discussed in depth in the next 
section.115-117
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Tissue-Engineered Vascular Grafts
Development of the next generation of bioengineered 
vascular grafts should answer in practice the needs of 
both patients and the health care professionals and hos-
pital setting by eliminating altogether the growth time, 
wound care, or operating time burden of harvesting 
autologous cells, veins, or arteries. Simple standard stor-
age on-site, for example, is critical for emergent revas-
cularization procedures and eliminates any preprocedure 
delay due to shipping, thawing rinsing, or coating. The 
mechanical and structural properties of the replacement 
vessels must allow for surgical handling and tolerate 
the arterial system high-pressure environment with low 
permeability and offer functional performance on par or 
superior to synthetic grafts and autologous vasculature 
in particular, with regard to risk of infection, thrombosis, 
or mechanical failure. To provide a meaningful alterna-
tive to autologous veins or arteries, the bioengineered 
replacement vessels must show minimal immunogenic 
potential to avoid triggering rejection of the implant and 
preserve patients’ future opportunities of organ trans-
plant, therefore, eliminating the use of xenogeneic or 
allogeneic cellular material.1

The first engineering approach to develop a biological 
vascular graft was the formation of patient-specific tis-
sue tubes by Charles Sparks in the 1970s. These autolo-
gous tubes were formed by the foreign body response 
to a silicone mandril—called the Sparks mandril—that 
was implanted subcutaneously into the patient’s leg. 
The fibrous tissue surrounding the mandril, created by 
a foreign body response, could be later harvested as an 
autologous tubular graft. However, this approach was 
abandoned due to low patency rates and aneurysmal 
remodeling in preclinical and clinical trials.118 The first tis-
sue-engineered vascular graft (TEVG) produced in vitro 
with vascular cells was reported in a seminal study by 
Weinberg and Bell119 in 1986. This structure was made 
of a collagen gel tube supported by a Dacron sleeve as 
a protective jacket. Although this first TEVG resembled a 
biological artery with its SMC-populated wall, EC lining 
in the lumen, and fibroblast-populated adventitia layer, 
its mechanical properties without the Dacron support did 
not allow for in vivo trials. Since these pioneering studies, 
vascular tissue engineering has improved remarkably by 
utilizing multidisciplinary approaches.

The first TEVG transplantation in a human was per-
formed by Shin’oka et al120 in 1999. The patient was 
a 4-year-old girl who had undergone pulmonary artery 
angioplasty and the Fontan procedure due to a single 
right ventricle and pulmonary atresia at the age of 3 
years. Complete blockage of the pulmonary artery was 
detected 7 months after the Fontan procedure. Shin’oka 
et al reconstructed the blocked pulmonary artery with a 
tubular scaffold made of a poly(L-lactide-co-e-caprolac-
tone) sponge reinforced with PGA fiber seeded with the 

patient’s own cells (Figure 4A). Approximately 3 months 
before the surgery, a 2-cm segment of peripheral vein 
of the patient was harvested, and the cells from the ves-
sel wall were expanded in vitro. Ten days before trans-
plantation, the tubular polymeric structure (2 cm length, 
1 cm diameter, 1 mm wall thickness) was seeded with 
the autologous expanded cells to form the TEVG. This 
method of seeding the scaffolds was improved for sub-
sequent patients, by using either autologous bone mar-
row cells or mononuclear bone marrow cells to seed the 
graft on the day of implantation.121

TEVGs that were produced by this method were 
used to divert blood flow from the IVC and the supe-
rior vena cava to the pulmonary artery in 25 pediatric 
patients with univentricular heart problems and resulted 
in remarkable clinical success.122,123 After 10 years of 
follow-up, some graft stenosis was observed in 30% of 
the patients, and in all cases, angioplasty successfully 
resolved the stenoses. Notably, none of the patients 
developed aneurysm or graft rupture.122 Animal studies 
showed that, 1 month after the implantation, a functional 
endothelium with NO production comparable to native 
IVC formed and the graft wall thickness increased to 
2.5 mm with an inflammatory response of CD4+ cells. 
However, both the wall thickness and the CD4+ cell 
ratio gradually returned to values comparable to that of 
native IVC at the end of 6 months.123

Shinoka and Breuer124 used TEVGs as Fontan grafts 
to connect IVC to pulmonary artery in a phase I clinical 
trial in the United States, but advanced imaging tech-
niques revealed a high incidence of graft stenosis within 
6 months. To understand the mechanism causing the 
early stenosis, they built a computational model and used 
their 6-month imaging data to simulate vessel remodel-
ing in an IVC interposition TEVG model. While the model 
successfully predicted the graft narrowing in 6 months, it 
surprisingly further suggested that such graft narrowing 
could spontaneously reverse through an inflammation-
driven mechanism. They tested this simulation-generated 
hypothesis in an ovine IVC interposition graft model and 
observed the resolving stenosis in TEVGs in 1 year.125 
Therefore, the inflammation-driven remodeled TEVGs 
may have potential for the reconstruction of congenital 
heart abnormalities in young patients (Figure 3).

In 1998, L’Heureux et al126 introduced the idea of 
creating a completely biological tissue-engineered blood 
vessel made of concentric layers of cell sheets that rolled 
to form a tubular structure. The process started with cul-
turing confluent monolayers of fibroblasts and SMCs 
for 30 days in the presence of sodium ascorbate. Later, 
the confluent fibroblast sheets were detached from the 
substrate manually and rolled around an inert mandrel 
to form the tubular structure. After 1 week of matura-
tion, this structure was dehydrated to form an acellular 
inner membrane. An SMC sheet was wrapped around 
the acellular inner membrane to form multiple SMC 
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layers in the vessel wall. Silicon tubing was inserted 
into the lumen of the tissue-engineered blood vessel 
to apply periodic distension during an 8-week matura-
tion period. Then, another fibroblast sheet was wrapped 
around the SMC layers to form the adventitia, and ECs 
were seeded to the luminal surface as the final step. The 
entire procedure required ≈3 months. The final structure 
had superior mechanical strength (burst pressure over 
2500 mm Hg) compared with human SV (Figure  4B). 
This advanced mechanical strength was attributed to 
well-organized collagen and elastin bundles developed 
especially on the adventitia region. This technology was 
used as for arteriovenous shunt in 10 ESRD patients 
to test the effectiveness as hemodialysis access.127,128 
Graft patency 3 months after the implantation was 60%, 
and the major failure mechanism for tissue-engineered 
blood vessels was dilation and subsequent thrombosis 
from blood infiltration between the cell sheet layers. The 
tissue-engineered artery at the latest stage of clinical 
development was first described by Niklason et al117 in 
1999. A rapidly degrading PGA scaffold was wrapped 
around silicon tubing, and SMCs were seeded onto the 

PGA scaffold and were mechanically stimulated by cyclic 
stretch. At the end of an 8-week culture period, SMCs 
deposited de novo collagen matrix. The resultant tissue 
was decellularized to remove all immunogenic compo-
nents, leaving a naturally derived ECM tube that can be 
stored without compromising the mechanical properties 
(Figure 4C).129 This method creates the potential to use 
allogeneic SMCs on PGA scaffolds to grow mature engi-
neered vessels in vitro and then convert the arteries into 
immune-compatible, mechanically robust, off-the-shelf 
vascular grafts.130 Derivatives of this technology are used 
to produce human acellular vessels (HAVs), which are 
being tested as vascular grafts for hemodialysis access, 
PAD, and vascular reconstruction following trauma.

ESRD patients experience vascular damage due to 
frequent needle punctures for hemodialysis access. Cur-
rently, synthetic ePTFE grafts and AVFs are the most 
common vascular access options for these patients. 
However, high rates of infection and lack of self-heal-
ing in synthetic grafts and the excessive dilation in AVF 
pose major drawbacks.131 In phase 2 trials, HAVs used 
as hemodialysis access grafts demonstrated stable 

Figure 4. Presentation of various 
approaches to tissue engineered 
vascular grafts.
A, Macroscopic image of polymeric 
scaffold before cell seeding. B, Gross 
image of biological tissue-engineered 
vascular graft (TEVG) produced by 
cell sheets rolled around a mandrel. 
C, A HAV ready to store/implant after 
decellularization.115 D, Intraoperative 
image of HAV implanted in the arm 
of a patient with end-stage renal 
disease as an arteriovenous conduit for 
hemodialysis.133 E, TEVGs produced 
from fibroblast-populated tubular fibrin 
constructs, matured in pulsatile bioreactor, 
and decellularized. F, Biotube made of 
fibrous tissue formed by foreign body 
reaction to the implanted mandrel. A, 
Reproduced from Shin’oka et al161 with 
permission. Copyright ©. B, Reproduced 
from L’Heureux et al128 with permission. 
Copyright ©. E, Reproduced from Syedain 
et al137,140 with permission. Copyright ©. F, 
Reproduced from Nakayama et al143 with 
permission. Copyright ©.
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diameter and flow rate, infection resistance, functional 
1-year patency of 89%, and healing capacity after 
needle punctures (Figure 4D).132 Some of the patients 
continued using the HAV for hemodialysis for >6 years. 
At the time points from 16 to 200 weeks, histological 
examination of explanted HAV samples recovered from 
routine surgical interventions showed that these previ-
ously acellular grafts were transformed into functional 
multilayered living vessels via repopulation of SMCs, 
ECs, and progenitor cells.133 Starting from the early time 
points, α-SMA+ (alpha smooth muscle actin) cells signifi-
cantly infiltrated and gradually matured to form circum-
ferentially aligned layers in the HAV wall. At the 16-week 
time point, these cells were supported by microvascula-
ture formed around the neoadventitia by CD34+/CD31+ 
cells. Later, CD34−/CD31+ cells formed the microvas-
cular structures in the vessel media and an endothelial 
lining on the lumen. While Nestin+ cells differentiated into 
SMCs and ECs by contributing to early vascularization 
and repair of HAV at earlier stages, CD90+ cell popula-
tion increased in number later.133 Phase III trials of the 
HAV in hemodialysis are continuing. Moreover, HAV per-
formed well as bypass conduits in PAD patients and in 
other clinical indications.132,134

One potentially important advantage of engineered 
arterial grafts is an ability to grow with a pediatric recipi-
ent. Hoerstrup et al135 was the first group to show that 
TEVGs grow with recipient when implanted into juve-
nile sheep as cardiopulmonary bypass grafts. They 
used PGA mesh coated with poly-4-hydroxybutyrate 
as a myofibroblast and EC seeding scaffold, which was 
implanted into animals after only 3 weeks of in vitro 
maturation. After 100 weeks of in vivo remodeling, the 
grafts grew 30% in diameter and 45% in length without 
any sign of dilation, thrombus, or stenosis.135,136 Syedain 
et al137 have developed a TEVG derived from fibroblast-
populated fibrin gels cast in a tubular mold around a 
concentric cylindrical mandrel, which serves to form 
the luminal space. After 2 weeks of static culture, they 
remove the mandrel and apply cyclic stretch by perfus-
ing the lumen with culture medium in bioreactors. At 
the end of in vitro maturation period, the TEVGs can be 
decellularized for long-term storage (Figure 4E). These 
TEVG have been implanted in 8-week-old lambs, and 
graft growth has been reported.138,139 When implanted 
as hemodialysis access grafts in a baboon model, these 
TEVGs showed 60% primary patency at 6 months. 
While the failure mechanism was either graft rupture 
or thrombosis, the patent grafts showed subsequent 
recellularization with host vascular cells without immune 
response or graft dilation.138,140 While bioabsorbable 
polymer- or natural hydrogel-based TEVGs have made 
immense progress, in recent years, some researchers 
revisited the idea of using foreign body response to 
create vascular grafts derived from fibrous structures 

formed around implanted objects, similar to the Sparks 
mandril.141,142 Although the Sparks mandril applications 
did not yield mechanically strong vascular grafts, the tis-
sue quality has been improved by optimization of the 
implantation site, implant material, and length of the in 
vivo remodeling period.141,142 For example, Nakayama et 
al143 implanted the first biotubes in humans as arterio-
venous shunt bypass grafts in 2 female ESRD patients. 
The biotubes were obtained by implanting 7-cm-long, 
6-mm-wide silicone mandrels subcutaneously in the 
patients’ abdominal region for 2 months. After removal 
of the mandrels, the biotubes were implanted to bypass 
the stenotic venous outflow region in the patients’ 
arms (Figure 4F). Graft stenosis was observed in both 
patients 3 to 4 months after the implantations. While 
one of the patients needed repeated transluminal 
angioplasty 7 months after the implantation, angioplasty 
was not required over 2 years for the second patient. 
Hence, biotubes that are obtained utilizing the foreign 
body response to the implanted cylindrical objects dem-
onstrate potential to be the next candidate for clinical 
trials (Figure 3).

Vessel characteristics vary by size, and the bioengi-
neering of human conduits must adjust to these require-
ments: the primary role and, therefore, the anatomic and 
biochemical design of large vessels, typically defined by 
a diameter >6 mm, is in the efficient transport of blood 
while vessels of smaller diameter gradually switch to 
performing more exchange functions in lower pressure, 
slower flow environment.2

In the United States alone, >370 000 coronary arter-
ies are bypassed annually,3 and such procedures require 
smaller caliber (<6 mm) vessels. Despite the potential 
high demand for small-diameter vascular grafts, cur-
rent clinical research is limited to ≥6 mm TEVGs, since 
small-caliber grafts have heretofore failed due to acute 
or intermediate-term thrombosis.144,145 Importantly, 
however, engineered and decellularized small-caliber 
arteries have not yet been widely tested in vivo, and so 
it remains to be seen whether such conduits will func-
tion in the long term. In the absence of a functional 
endothelium, engineered vessel walls are exposed to 
the blood stream, which may trigger platelet aggrega-
tion and activation on the luminal surface and thereby 
initiate coagulation and thrombosis. One approach to 
prevent thrombosis until the de novo endothelium is 
restored is coating the graft lumen with ≥1 bioactive 
molecules. Heparin functionalization has been tested 
on synthetic, bioabsorbable, and decellularized native 
vascular grafts.146,147 Recently, heparin-like structures 
made of carboxymethyl chitosan and chitosan dem-
onstrated antithrombogenic effect on bioabsorbable 
graft lumens.148 NO immobilization on the graft has 
also shown potential to prevent acute thrombosis.149 
Similarly, keratin-doped poly(ε-caprolactone) vascular 
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tubes exhibited selective function that facilitated EC 
repopulation while preventing SMC growth thanks to 
the NO production by catalyzing S-nitrosoglutathione 
available in the blood.150,151 In another attempt to 
mimic the endothelium that protects the vessel wall 
from the platelet attachment, a glycocalyx-like hyal-
uronic acid coating on the decellularized TEVG lumen 
reduced thrombus formation.152 Other approaches to 
prevent thrombosis in small-caliber grafts include in 
situ endothelial seeding into the graft lumen,153 coat-
ing of the lumen with agents to promote endotheli-
alization via circulating endothelial progenitor cells or 
migrating ECs from the anastomosis regions,154 and 
coimmobilization of the ACH11 antithrombotic pep-
tide and CAG cell-adhesive peptide to prevent plate-
let activation and facilitate EC adhesion at the same 
time (Figure  3).155 In addition to direct coating of 
these substances onto the graft lumen, local delivery 
of therapeutic genetic material also has the potential 
to prevent intimal hyperplasia and stenosis.156 These 
genes include VEGF, iNOS (inducible NO synthase), 
TIMP-1 (tissue inhibitor of metalloproteinase 1), and 
ERK2 (mitogen-activated protein kinase 1) silencing 
RNA. A review of these strategies in extensive detail 
by Gupta and Mandal157 is available. Although some 
of these methods demonstrated promising results in 
animal models, none of them have yet been confirmed 
by clinical studies.

Contribution of Computer Modeling, 
Personalized Medicine, and Systems Biology 
Approaches
The purpose of personalized medicine and its identifi-
cation of patient-specific profiles incorporating genetic 
and genomic data to clinical factors and environmen-
tal risks is to offer disease prevention and treatment 
strategies tailored to the individuals. Its application to 
the area of vascular grafts has explored many different 
diseases or conditions. Applying precision medicine and 
next-generation sequencing to the study of aortic aneu-
rysms, for example, showed that despite common mani-
festations, genetic factors play a critical role in the risk 
of aortic root and ascending thoracic aortic aneurysms, 
as opposed to abdominal aortic aneurysms, which are 
primarily driven by atherosclerosis, and allowing for the 
identification of target pathways for potential new thera-
peutic approaches in these patients.158 In cardiac trans-
plant recipients, gene expression profiling of peripheral 
blood cells is being evaluated to detect the risk of rejec-
tion and help in the management of immunosuppressive 
agents, as an alternative to repeated endomyocardial 
surveillance biopsies, and could possibly be applied to 
allogeneic and xenogeneic vascular grafts to monitor 
the immune response.159

Computational modeling and systems biology 
approaches applied to the study of vascular patho-
physiology have produced several examples of mul-
tiscale models, such as for atherosclerosis, in-stent 
restenosis, remodeling of a vascular tissue-engi-
neered scaffold, or venous graft remodeling. By creat-
ing these in-silico models, this approach would guide 
the development of new materials and devices and 
help avoid the limitations of current grafts. Including 
genomics in these complex models is anticipated to 
contribute to refining personalized medicine in these 
areas.160

CONCLUSIONS AND PREDICTED 
CLINICAL APPLICATIONS OF EMERGING 
TECHNOLOGIES
Vascular grafts offer immense potential to meet the 
ever-increasing needs of patients in nearly all fields of 
cardiovascular surgery, including hemodialysis access 
for end-stage renal disease, cardiovascular bypass, 
limb rescue in vascular trauma, and reconstruction 
and repair of congenital heart defects for pediat-
ric patients who would benefit greatly from a graft 
that would grow as the patient matures. For most of 
these applications, autologous vascular grafts have 
been the standard of care for decades, but their lim-
ited supply and the side effects of excision of native 
arteries or veins are significant (Figure  2). Patients 
with end-stage renal disease on hemodialysis can 
benefit greatly from AVF as vascular accesses, but 
the time to maturation and failure of maturation in 
many patients result in other vascular access place-
ments. In controlled trials, xenogeneic vascular grafts 
often have patency superior to synthetic conduits, 
but notable frequency of failure, particularly in envi-
ronments experiencing mechanical stress, inflam-
matory responses, and inconsistent remodeling are 
challenges. TEVGs have the potential to meet all of 
the needs above, and several cellular or decellular-
ized options are being evaluated, to produce materi-
als that can mimic most aspects of native vasculature. 
Furthermore, understanding of the ability of these 
tissues to be remodeled by the host into a native tis-
sue, and ability for that tissue to grow with patients 
who are young, will be important as the development 
of TEVG continues. Challenges are numerous, start-
ing with creating the most effective process to miti-
gate or eliminate the immunogenic potential of these 
tissues, resolving the complexities of establishing 
bioengineering processes and platforms that follow 
the regulatory and quality guidelines, and achieving 
commercial-scale manufacturing to ultimately offer 
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patients and surgical teams access to true replace-
ment tissue and opening the way to multiple applica-
tions of organ replacement.

Multiple teams have made substantial preclinical and 
clinical progress toward these goals, but further research 
and development is warranted to realize the potential 
futures of cardiovascular tissue engineering (Figure  3). 
Incorporation of computational modeling and systems biol-
ogy approaches help better understand the intricate details 
of the genesis of tissue remodeling and vascular adaptation. 
Ultimately, bioengineering will offer replacement human 
organs and tissues in response to most chronic, degenera-
tive, and autoimmune diseases, as well as traumatic injuries.
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