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ABSTRACT

ARTICLE HISTORY

Introduction: Conventional synthetic vascular grafts are limited by the inability to remodel, as well as
issues of patency at smaller diameters. Tissue-engineered vascular grafts (TEVGs), constructed from
biologically active cells and biodegradable scaffolds have the potential to overcome these limitations,
and provide growth capacity and self-repair.
Areas covered: This article outlines the TEVG design, biodegradable scaffolds, TEVG fabrication methods, cell seeding, drug delivery, strategies to reduce wait times, clinical trials, as well as a 5-year view
with expert commentary.
Expert commentary: TEVG technology has progressed significantly with advances in scaffold material
and design, graft design, cell seeding and drug delivery. Strategies have been put in place to reduce
wait times and improve ‘off-the-shelf’ capability of TEVGs. More recently, clinical trials have been
conducted to investigate the clinical applications of TEVGs.
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1. Introduction
Vascular grafts fulfill an important role in the contemporary
management of a wide range of clinical conditions. In addition
to atherosclerotic disease, many vascular pathologies, including aneurysmal degeneration, congenital malformations, vasculitis, and traumatic injury, necessitate arterial bypass. In
most cases, autologous tissue, such as internal thoracic artery
or saphenous vein, is the first choice for small diameter arterial
grafts. However, prior surgeries and comorbid medical conditions may limit the availability of a patient’s own vessels, and
their harvest can be associated with significant morbidity.
While synthetic grafts demonstrate good patency and longterm outcomes for management of the aorta and other large
arteries, their use for bypass of small diameter vessels has
been associated with less than satisfying results [1]. Longterm outcomes are negatively impacted by high rates of
thrombus formation and intimal hyperplasia. Therefore, there
remains a substantial unfulfilled need for readily available
small-caliber vascular grafts with good long-term patency [2].
For pediatric patients, homografts and synthetic grafts are a
source of morbidity, due to the lack of growth potential and
inflammatory reactions associated with these grafts. There is
an unmet clinical need for new vascular grafts that have
growth potential.
Langer and Vacanti defined the concept of tissue engineering in 1993 in their seminal Science paper ‘Tissue Engineering’
where they defined the term as ‘an interdisciplinary field that
applies the principles of engineering and life sciences toward
the development of biological substitutes that restore, maintain, or improve tissue function’ [3].
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The principle of ‘tissue engineering’ has been applied to
create tissue engineered vascular grafts (TEVGs) using a patient’s
autologous cells or a patient’s stem-cell-derived cells, in combination with a scaffold [4–6] (Figure 1). Early pioneering work in
this field was performed in the 1980s when Greisler implanted
woven absorbable polyglycolic acid (PGA) grafts into rabbit aortas and demonstrated replacement of the prosthesis with
endothelialized vessels at 7 months. While nearly a quarter of
the specimens demonstrated either dilation or intimal hyperplasia, all were able to withstand arterial perfusion pressure [7]. The
strengths and weaknesses of Greisler’s experiment highlighted
the properties that a TEVG should exhibit. At the most basic level,
a graft must be biocompatible and not exhibit toxicity or excessive immunogenicity. An ideal TEVG [5] should have the mechanical properties to maintain a balance between degradation and
neotissue formation. From a functional standpoint, TEVGs should
be biomimetic and resist long-term complications, such as infection, intimal hyperplasia, stenosis, calcification, and aneurysmal
dilatation. Logistically, it is also important that the manufacturing
process for a TEVG be resilient, minimize production time, and, in
the case of unseeded TEVGs, allow for storability in order to
optimize ‘off-the-shelf’ capabilities [8].

2. TEVG design
Most TEVGs seek to replicate the biological and mechanical
properties of native blood vessels, if not the protein, materials,
and cells themselves present in native vascular architecture. At
a histological level, mammalian arteries consist of three layers –
intima, media, and adventitia.
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Figure 1. TEVGs: fabrication methods (Left Top), scaffolds (Top Right), cell types (Left Bottom), clinical application (Bottom Right).

The innermost intimal layer consists of endothelial cells
(ECs), which provide a tight luminal barrier while also providing cellular signaling that prevents thrombosis, infection, and
inflammation. These cells are adhered to a basement membrane comprised collagen and laminin. The media comprises
smooth-muscle cells (SMCs) imbedded in a layer of type I and
III collagen. In response to the appropriate signals, these SMCs
will contract or relax, resulting in vasoconstriction or vasodilation. The media is sandwiched between the internal and
external elastic lamina, fenestrated layers of elastin which
interface with the intima and the adventitia, the outermost
layer of the arterial wall. The adventitia consists of fibroblasts
in a loose extracellular matrix (ECM) comprised mostly of
collagen. The ECM of native vessels consists of a network of
multiple proteins in media and adventitia, which serve distinct
mechanical and biochemical purposes.
Collagen is the primary component of ECM, providing tensile strength. Thus, it plays an important role in the design of
TEVGs. As it is easily isolated and synthesized, it has been
utilized as a substrate for engineered protein matrices.
Elastin is another major component of ECM, providing elastic
recoil to the arterial wall. Its paracrine functions include modulating the proliferation of endothelial and SMCs. Elastin has
been used as a coating for synthetic vascular grafts, such as
Polytetrafluoroethylene, and has been shown to decrease platelet activation, aggregation, and thrombus formation. Like
collagen, elastin has been shown to be synthesized in biologically significant quantities by TEVGs [9]. Finally, fibrin is a
component of blood vessels that is formed when fibrinogen is

rapidly polymerized by action of thrombin. It recruits cells and
is broken down by fibrinolysis. The presence of native proteins
in TEVGs allows for relevant cellular signaling that promotes a
more native-like immediate microenvironment, and better
biomimicry. TEVGs attempt to recapitulate the functions of
each component in the vessel by promoting cellular infiltration and proliferation to facilitate the synthesis of these
proteins.

3. Scaffolds
The essential concept driving the field of TEVGs is biomimicry
[5]. The scaffold for TEVGs offers the ability of neotissue formation. The TEVG undergoes remodeling through the body’s
innate response to foreign material and the scaffold is eventually replaced by autogenous tissue. There are different types
of scaffolds that can be used for TEVG. Each scaffold has
advantages and disadvantages. Further research is required
to improve the material of the scaffolds.

3.1. Synthetic scaffolds
Most scaffolds employed in TEVGs are constructed from biodegradable polymers (Table 1). These polymers are degraded
by hydrolytic cleavage of ester linkages. The rate of degradation can be modulated by multiple factors, including molecular weight, surface-area-to-volume ratio, and crystallinity.
When compared to methods that utilize biological proteins,
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Table 1. Examples of scaffold materials used in TEVG fabrication.
Scaffold material
PGA [10,11]
PLA [12,13]
PCL [14–16]
PEG [13]
PU [13,17]
PHA [18]
PHO [19]
PDS [20]
PGS [21]
PEUU [22,23]
P4HB [24,25]
Copolymers [26]
PGA: Polyglycolic acid; PLA: polylactic acid; PCL: poly-ε-caprolactone;
PEG: polyethylene glycol; PU: polyurethane; PHA: polyhydroxy alkanoate;
PHO: polyhydroxy-octanoate; PDS: poly-diaxanone; PGS: polyglycerol sebacate; PEUU: polyester urethane urea; P4HB: poly-4-hydroxy-butyrate.

such as collagen, synthetic polymers facilitate less cellular
recruitment, but they allow for improved mechanical properties that make them more feasible for grafts subject to arterial
pressure.
One of the most commonly and widely studied polymers is
PGA, the material utilized by Greisler in his early studies in the
1980s. PGA exhibits rapid degradation within 1 month [10].
PGA mesh has been employed in other experimental and
clinical applications with US FDA approval, including scaffolds
for nerve regeneration, repair of dural tears, and in the tissue
engineering of liver, bone, cartilage, and intestine. Therefore,
its mechanical properties are well-documented and understood. Mauri and colleagues demonstrated that a PGA TEVG
with human ECs should be able to withstand mechanical
stress equivalent to aortic pressure by comparing to aortic
tissue [11].
Polylactic acid (PLA) is similar in structure to PGA, with the
addition of a single methyl group, causing it to be more
hydrophilic. Therefore, it degrades more slowly than PGA,
taking months to years. PLA is available as either a racemic
mixture or a pure enantiomer (poly-L-lactic acid [PLLA]), which
takes longer to degrade. Like PGA, PLA has also been
employed in many clinical applications including tissue engineering [12]. PLA has three isomeric forms, of which PLLA is
the most studied for cardiovascular tissue engineering applications [13].
Poly-ε-caprolactone (PCL) [14–16] is one of the most hydrophilic and degradation-resistant biodegradable polymers commonly used, taking more than 1 year to be broken down.
When compared to PGA and PLA, PCL is also notable for
having a lower glass-transition temperature of −60°C, meaning
that it will be remain stable as a polymer at room temperature
and during refrigeration.
Scaffolds can also be constructed from copolymers [26] of
two or more components, such as copolymer of ε-caprolactone and lactic acid (PCLA) and of copolymer of glycolic acid
and lactic acid (PLGA), resulting in intermediate properties and
degradation times. By varying the ratio of the component
monomers, these properties can be finely adjusted. However,
immiscibility, reduced polymerization, and crystallinity can
cause more rapid degradation times.
Groups have also experimented with using fast-degrading
(FD) scaffolds. Wu and colleagues created electrospun poly-
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glycerol-sebacate (PGS)/PCL grafts that were used in a rat
aorta model. No cells were seeded, but 3 months after interposition grafting in rat abdominal aorta, the grafts rapidly
degraded, forming neoarteries with synchronous pulsation,
confluent endothelial, and smooth-muscle layers, expressing
elastin, collagen, and glycosaminoglycan, with native-like
mechanical properties [15].
Other synthetic polymers used are polyethylene glycol [13],
polyurethane (PU) [13,17], polyhydroxy alkanoate [18], polyhydroxy octanoate [19], poly-diaxanone [20], PGS [21], polyester
urethane urea [22,23], and poly-4-hydroxy-butyrate [24,25].

3.2. Biological scaffolds
There are also a number of strategies for creation of biological
TEVGs, such as self-assembly, hydrogels, and decellularized
biological matrices. Biological material, such as collagen [27]
and fibrin [28–30], is also frequently used in these constructs.
Hydrogels [31] attempt to directly recapitulate the structure
of native vessels by embedding cells within a solubilized
protein matrix, generally consisting of collagen and/or additional proteins. The solution can then be molded into a
desired shape, such as a tubular structure for vascular grafts,
and then solidified. Stem cells or other progenitor cells are
commonly used in hydrogels, with the goal of encouraging
cellular signaling, proliferation, and recruitment to promote
remodeling into vascular tissue. However, while hydrogels
have been employed broadly in tissue-engineering applications, they often lack the mechanical properties needed for
functional vascular grafts. Many strategies have been proposed to overcome this limitation, such as supplementation
with growth factors, such as vascular endothelial growth factor [32,33], constructing multilayer grafts [34,35], and chemical/enzymatic cross-linking of the protein matrix [36,37].
Intact extracellular matrices can also be obtained by decellularizing native vascular tissue, with the goal of removing all
immunogenic components while preserving biological and
mechanical properties. For example, Syedain and colleagues
[38] also implanted decellularized engineered tissue tubes in
lambs and evaluated them to adulthood. The lambs increased
in weight by 366%, and the graft diameter and volume
increased by 56% and 216%, respectively. Mechanical, chemical, and enzymatic processes can be employed for the decellularization process, and, theoretically, both homografts and
xenografts from other species can be utilized. The advantages
of this approach include a more natural structure, containing
functional proteins to promote cellular recruitment. One disadvantage of this approach is the possibility of immunogenicity from antigens of retained cellular remnants, which
remains to be determined [39], although the decellularization
process seeks to minimize this risk.
Another novel approach toward developing an ECM is
through cell sheet self-assembly [31,40]. When cultured in a
medium enriched with ascorbic acid, the substrate for collagen synthesis, SMCs, and fibroblasts can be directed to
synthesize their own ECM. In vitro, this can be performed a
cylindrical mandrel to generate a tubular structure. Other
groups have also demonstrated that this process can also be
performed in vivo, by implanting synthetic tubing into the
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peritoneal cavity and relying on the body’s inflammatory
response to form a layer of granulation tissue around the
structure. Once explanted, this granulation tissue can be harvested and everted to obtain a mesothelialized sleeve of
collagen ECM and fibroblasts [41].

3.3. Hybrid scaffolds
Building scaffolds that combine degradable synthetic and natural polymers may provide good mechanical properties while
also enhancing biocompatibility and cellular recruitment.
Hajiali and colleagues created electrospun PGA scaffolds
blended with different concentrations of gelatin and found
that increased gelatin consult improved biological and
mechanical properties [42]. Similarly, Xie and colleagues created PLA/PLCL (poly(L-lactide-co-ε-caprolactone)) grafts
impregnated with collagen/elastin [43]. Gong and colleagues
electrospun a biodegradable polymer around decellularized
rat aortas to create a hybrid scaffold TEVG [44].
TEVGs can also be combined with stents to create hybrid
stent grafts. Takeuchi and colleagues created a stent graft with
double-layered polyethylene terephthalate/PGA that was used
in a dog aorta model of endovascular aneurysm repair. It
demonstrated similar tensile strength and flexibility as a traditional polyester graft, with PGA degradation and replacement
by host tissue in vivo 2 months postimplantation [45].

4. TEVG fabrication methods
One of the most popular techniques for creating a degradable
polymer scaffold is electrospinning. The process uses an electric field to direct a jet of polymer solution from a capillary tip
toward a target for deposition. In order to create a tubular
structure such as an arterial scaffold, a rapidly rotating mandrel is used as a target [46]. By varying parameters such as the
flow rate, voltage, polymer concentration, distance, surface
speed, and solvent, the thickness, density, and physical properties of the resulting scaffold can be altered. Studies have
demonstrated that high burst pressures and tensile strength
akin to physiological parameters can be obtained by simply
varying deposition time [47].
Another common method is particulate or porogen leaching [48], where particulates or porogens (salt, sugar, wax)
serve as placeholders for pore formation in the actual scaffold,
before being leached by evaporation, cross linking, or by
another chemical reaction.
Freeze drying (lyophilization) [15,49,50] is based on the
principle of sublimation, where a polymer is first dissolved in
a solvent. This solution is frozen and the solvent is allowed to
sublime during the drying process. Pore size [51] can be
controlled by changing conditions, such as freezing rate and
solute concentration.
Other techniques to fabricate scaffolds [52] include solvent
casting, foaming, phase separation, fiber mesh, fiber bonding,
self-assembly, rapid prototyping, melt molding, and membrane lamination. Bioreactors may also be used; for example,
Gui and colleagues used a pulsatile bioreactor to culture SMCs
on PGA scaffolds on silicone backbones [53], and Syedain and

colleagues used custom pulsed-flow-stretch bioreactors to
engineer tissue tubes prior to decellularization [38].
Im and colleagues demonstrated a novel technique of solidstate drawing to produce a TEVG with good mechanical properties without the need for solvents or additional treatments. Their
methodology consisted of dual rotary motors on either side of a
heating oven to mechanically stretch a biodegradable polymer.
Functional studies demonstrated that their resulting product
exhibited improved tensile strength and hydrophobicity.
Additionally, spectroscopy demonstrated increased molecular
orientation, which translates into a smoother surface that is
less likely to cause platelet aggregation [54].
Scaffolds can also be made of customized graft material
and graft designs. Sugiura and colleagues developed two
versions of bilayer copolymeric grafts, one FD and the other
slow degrading (SD). The SD grafts consisted of a double-layer
of PLA/PLCL. The outer layer of the FD grafts consisted of a
blend of PLA–PGA. In a mouse aorta model, the FD grafts had
better cellular infiltration, and less calcification [55]. Other
attempts at multilayer grafts include adding a thick porous
hydrogel sleeve to a dense nanofibrous core (PCL) [35] and
adding hydrogel solutions between a mandrel and a hydrated
PU mesh [34]. In an attempt to emulate the J-shaped mechanical behavior of a two-component elastin/collagen system,
Rapoport and colleagues electrospun PU with PGA to form a
corrugated graft [56].

5. Cell seeding for TEVG
5.1. Cell seeding techniques
There are numerous techniques [57] to perform cell seeding.
Passive seeding (static seeding and gravitational seeding) [58] is
the most common approach but also the least efficient approach
and involves direct application of the cell suspension into the
scaffold, either luminally or from the outside. Fibronectin or other
adhesive biological glues may also be used as well [59].
Dynamic seeding uses various systems to increase seeding
efficiency, uniformity, and penetration of the scaffold. Generally,
the two main types are rotational seeding [60] that induces
hydrostatic forces and vacuum seeding [61] that creates pressure
gradients to draw cells in through the micropores of the TEVG.
Electrostatic cell seeding and magnetic cell seeding aim to
increase seeding efficiency through the use of a temporary
positive charge on the typically negatively charged TEVG luminal surface for the former [62], and the use of magnets and
magnetite nanoparticles for the latter [63]. Other techniques
[57] include photopolymerized hydrogels [64] for cell seeding,
sheet-based cell seeding [65], and hybrid systems [66].
Assessment of cell seeding can be performed by cell counting, quantitative histology, scanning electron microscopy, and
picogreen (DNA) detection assay, followed by assessment of
viability by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrasodium bromide assay and live–dead assays.

5.2. Cell types used in seeding
There have been a number of different cell types used in cell
seeding [67], such as adult blood vessel cell types, endothelial
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progenitor cells (EPCs), stem cells, and stem-cell-derived vascular cells [68].
Adult blood vessel cell types include ECs, SMCs, and fibroblasts, but these cell types involve a blood vessel biopsy which
may result in morbidity during harvesting at the donor sites [69]
and have limited replicative ability due to patient’s age [70]. This
cell source is usually autologous, though nonautologous sources
utilizing allogeneic cells have been described [71].
EPCs may also be used for cell seeding and can be obtained
using far less invasive methods than adult blood vessel cell types,
by extraction from peripheral blood. Asahara and colleagues
isolated EPCs from human peripheral blood using cell surface
antigen expression and magnetic bead selection [72]. Shirota and
colleagues collected human peripheral blood samples, excluded
monocytes and macrophages, and expanded EPCs in vitro. They
then seeded these cells into a small diameter vascular grafts and
demonstrated elongation and alignment of EPCs along the direction of blood flow [73]. However, it is important to note that EPCs
represent a relatively heterogeneous cell population [74].
Mesenchymal stem cells (MSCs) are adult stem cells that have
the capability to form a variety of connective tissue phenotypes,
including blood vessels. They are readily isolatable from bone
marrow, peripheral blood, skeletal muscle, and adipose tissue
[75]. While bone marrow aspiration has historically been the preferred method for obtaining MSCs from bone marrow mononuclear cells [76–78], liposuction [79] or skeletal muscle biopsy [22] are
also adequate, even from the hair follicle in the skin dermis [80].
MSCs obtained through each of these techniques have been
successfully utilized in TEVGs, although there is evidence that
the source of MSCs may affect the biomechanical properties of
the resulting grafts. Potentially, MSCs could be harvested from a
patient, expanded in vitro, and used for a personalized TEVG
without the need for additional cell culture [81].
Embryonic stem cells (ESCs) have the potential to differentiate into any adult cell type. For the purposes of TEVG, they
are appealing because of their proliferative capability and
versatility but also pose numerous concerns. In addition to
ethical considerations, there are substantial biological concerns regarding potential tumorigenicity and stability in
terms of lineage commitment during differentiation. One
study of vascular grafts constructed with human ESCs found
evidence of bone and cartilage markers, suggesting that some
of the cells in the mature graft have differentiated into to
osteoblasts and chondrocytes and that stringency in analyzing
differentiating cell population is warranted [82].
As an alternative to ESCs, groups have investigated the use
of induced pluripotent stem cells (iPSCs) [83]. These cells are
generated by dedifferentiating mature adult cells, often from
skin or blood. iPSCs were then differentiated into vascular
SMCs via an embryoid body approach [53,84] or in a defined
medium in the presence of Wnt3a for 10–12 days for neural
crest induction, before further induction into a mesenchymal
lineage and confirmation of MSC phenotype [85].
Hibino and colleagues demonstrated that mouse iPSCs
could be seeded on PLGA and PCLA scaffolds in a mouse
inferior vena cava model with good endothelialization [86].
Gui, Sundaram, and colleagues used human iPSCs in an aortic
interposition model in nude mice with good outcomes (no
ruptures, stenosis, or teratomas at 2 weeks) [53,85]. However,
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the number of seeded differentiated iPSCs decreased over
time (42% at 1 week, 10% at 4 and 10 weeks) [86].

5.3. Effect of cell seeding
The use of cell seeding remains controversial [57], with unanswered questions regarding the necessity and clinical relevance
of high-efficiency cell seeding, quantification method of cell
seeding, optimal cell type for seeding, and the fate and function
of seeded cells. The fate of the seeded cells remains uncertain,
with Cho and colleagues showing decreasing cell density by
fluorescence intensity over 8 weeks [69]. It has been proposed
that seeded cells are lost due to cell death or lack of cellular
attachment with resultant embolization to the distal end organs
[57]. Studies performed by Lee and colleagues, to investigate
the duration of incubation and cell dose, on seeding efficiency
and cellular attachment, showed that incubation time does not
affect TEVG patency, cell attachment, and seeding efficiency and
that macrophage infiltration and inhibition of critical stenosis
occur in a cell dose-dependent manner [87].

6. Drug delivery
Various groups have investigated strategies for delivering or
embedding pharmacological agents within the graft to
enhance their biocompatibility and functional properties.
There are generally two approaches, direct addition of drug
into the material used for vascular graft creation and drug
loading into the vessels or grafts.
Examples of drug addition into the material for graft creation include Lee and colleagues, who applied a polymeric local
drug delivery technique by electrospinning PLGA with epigallocatechin-3-O-gallate, a green tea polyphenol, to prevent
intimal hyperplasia in a rabbit aorta model [88]. Centola,
Spadaccio, and colleagues developed a heparin-releasing
poly-L-lactide (PLLA) scaffold using electrospinning. Heparin
in the graft helps to guide MSC differentiation toward the EC
type (determined by CD31 positivity and morphology) and
also as a postoperative drug [89,90].
In terms of drug loading into the vessel or grafts, Zou and
colleagues created treated rat internal jugular veins with rapamycin-containing PLGA nanoparticles and used them for carotid interposition grafts, finding that they inhibited neointimal
hyperplasia [91]. Similarly, Duncan and colleagues used PLGA
nanoparticles to deliver a TGF-β inhibitor to prevent TEVG
stenosis in their mouse model [92]. Dimitrievska and colleagues used a novel method of ‘click chemistry’ to conjugate
oriented heparin moieties onto decellularized aortas in order
to improve blood compatibility [93].

7. Strategies to reduce wait times
One major impediment to the clinical implementation of
TEVGs is the waiting time for graft creation. The use of autologous cells requires longest wait times, up to months [94]. In
low-pressure systems, Hibino and colleagues demonstrate a
technique for harvesting bone marrow, isolating cells, seeding
them, and implanting them on the same day [95]. Dahl, Quint,
and colleagues cultured human/dog SMCs on a PGA scaffold
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that was subsequently decellularized and tested them in models of coronary bypass and AV grafts which demonstrated
good functional outcomes and showed progress toward ‘offthe-shelf’ [96,97]. Krawiec and colleagues developed a culturefree method of differentiating MSCs obtained from liposuction
into SMCs that were used in TEVGs [75]. Acellular grafts [8],
such as the Humacyte Acellular Vessel [96], are also helpful in
decreasing waiting times.

8. Clinical trials
There are several reports of clinical trials for TEVGs. Shin’oka,
Hibino, and colleagues reported a clinical trial of PGA/PCL or
PLA grafts used for extracardiac cavopulmonary shunts in
children. At a mean follow-up interval of 5 years, there is no
evidence of aneurysm, rupture, or calcification, although graft
stenosis is the primary mode of graft failure [98–100]. Lawson
and colleagues performed two phase 2 studies of their decellularized PGA scaffold TEVG (seeded with SMCs from donors)
as upper limb arteriovenous (AV) grafts in 60 renal patients
requiring hemodialysis and demonstrated safety (1 infection in
82 patient-years of follow-up) and efficacy (patency) [101].
Bockeria and colleagues also performed a clinical trial of vascular grafts (PCL with 2-ureido-4[1H]-pyrimidinone motif) as
extracardiac cavopulmonary conduits in five pediatric patients
undergoing Fontan surgery [102]. At 1 year, there were no
device-related adverse events and the implanted grafts
demonstrated stable conduit diameters, lengths, wall thicknesses, and blood-flow patterns. McAllister and colleagues
have also conducted a multicenter cohort study of the effectiveness of hemodialysis access for renal patients using TEVGs
and found that their primary patency rate approaches established quality objectives for AV fistulas [103]. More recently,
the group followed up with a study using TEVGs built from
allogeneic fibroblasts implanted as brachial-axillary AV shunts
for three patients requiring hemodialysis access [71]. Various
biodegradable scaffolds are currently undergoing clinical evaluation for the treatment of coronary artery disease [104].

reaction to graft materials is the primary mode of graft failure
and needs to be addressed. In particular, the development of
small diameter grafts is still challenging, due to graft stenosis.
Some mechanisms have been proposed for immune
response to materials, such as pathways involving inflammation [105], the innate immune system [106], and upregulation of TEVG matrix metalloproteinase activity [25]. In
addition, it has been demonstrated that ECs and SMCs
migrated from adjacent tissue play an important role in
preventing graft stenosis [107]. Second, proper ECM formation is key for balanced neotissue formation. Successful formation of ECM requires the degradation and remodeling of
graft materials by infiltrating host cells. Rapid degradation of
grafts does not allow sufficient time for the deposition of
adequate ECM, resulting in aneurysm formation or graft
rupture. While slow degradation materials can provide
mechanical support and prevent rupture of the grafts, they
also prevent ECM formation and cause long-lasting foreign
body material reaction, which promotes calcification within
the grafts. Thus, there is a need to discover and develop
grafts that are optimized for degradation kinetics and ECM
deposition. More basic science research into TEVGs can aid
in improving the understanding of the process of TEVG
remodeling, leading to development of better and more
optimized TEVGs.
In terms of clinical trials, the regulatory hurdle remains high
and there is a need for new materials to demonstrate proven
biocompatibility with human tissues before approval is
granted. This process frequently takes a very long time. It is
also difficult to accurately predict TEVG degradation and
inflammatory response in humans, based on data from preclinical animal studies. Despite these, clinical trials must continue; so, the ultimate aim of conducting TEVG research for the
advancement in human health care and the medical sciences
may be fulfilled. TEVG research has clinical implications that
can be applied broadly in the fields of vascular surgery and
heart surgery and can be applied to patients of all age groups,
from pediatric patients undergoing congenital heart surgery,
to elderly patients with end-stage renal disease requiring
vascular access for hemodialysis.

9. Expert commentary
The short supply of autologous grafts and the limitations of
synthetic grafts, especially for small-diameter arterial applications, will ensure the continued need for TEVGs.
As discussed in this review, TEVG technology has improved
markedly, with advances made in scaffold material (synthetic,
biological, hybrid), TEVG design, and TEVG fabrication methods. In addition, many different types of cells have been
seeded into TEVGs, using a variety of seeding techniques.
Drug delivery in the TEVGs has also been attempted, either
as a component of the material used to create the TEVGs or
drug loading after TEVG creation. To decrease wait time and
improve the ‘off-the-shelf’ capability of TEVGs, the use of
same-day harvesting, seeding, and implantation and use of
decellularized or acellular TEVGs show promise. Finally, clinical
trials investigating TEVGs have been successfully conducted.
However, it is still challenging to develop ideal materials for
TEVGs. First, stenosis caused by excessive inflammatory

10. Five-year view
TEVG technology will improve, with the use of innovative
techniques to overcome limitations, advances in nanotechnology [108], electrospinning [109], and refinement in decellularization techniques [108]. Materials and biomaterials will
improve, with investigators seeking ‘ideal’ TEVGs that will be
increasingly ‘off-the-shelf,’ more cost-effective, with better biocompatibility, in terms of long-term patency and neotissue
formation [110,111]. In addition, these TEVGs will have
improved mechanical strength and better ability to withstand
arterial pressures [14,109], better cellular infiltration by controlling pore size and optimizing speed of scaffold degradation [110].
In addition, TEVGs will be more patient specific. This will likely
be due to the increasing use of stem cells and stem-cell-derived
vascular cells [68], and supporting cells such as pericytes [112],
thus promoting patient-specific vascular regeneration, as well as
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the use of 3D bioprinting and 3D printing technologies
[111,113] and innovative new systems to allow for ease and
safety of cell seeding without specialized equipment [110].
Finally, the clinical use of TEVGs will increase. There are a
number of preclinical large animal studies and some clinical
trials [98–101], and it is likely that there will be more studies in
large animal models to assess clinical applicability [110], leading to more widespread clinical use [5].

11. Conclusions
TEVGs have significant benefits over conventional grafts by
allowing for growth, tissue remodeling, and self-repair. TEVGs
show great promise in all fields of vascular surgery, but especially so in pediatric cardiac surgery, where patients have to
undergo repeated surgeries as their circulation systems outgrow
implanted conventional grafts of fixed diameters [102]. In TEVG
creation, there are many different cell types that can be used,
including regenerative stem cells, and many different scaffolds
with synthetic, biological, and hybrid scaffolds. Drugs can be
delivered by impregnating TEVG material such as nanofibers or
loading post-TEVG creation. The major limitations at the
moment include limited experience with arterial grafts and
clinical trials. The search for the ideal TEVG continues.

Key issues
● TEVGs offer significant benefits by allowing for growth,
tissue remodeling, and self-repair, compared to conventional vascular grafts.
● TEVGs have shown promise in all fields of vascular surgery,
especially in pediatric surgery.
● There are many different types of scaffolds that can be used
to create TEVGs, i.e. synthetic, biological, or hybrid scaffolds.
● TEVGs can be seeded with many different cell types, ranging from mature somatic cells, stem cells, to stem cellderived cells.
● Drug delivery can be done, by impregnating TEVG material
before TEVG creation or drug loading after TEVG creation.
● While some clinical trials have been conducted, TEVGs have
not been widely used clinically.
● There is limited use of TEVGs clinically due to the time
consuming process of TEVG fabrication, costs, as well as
limitations with respect to cell sources and graft materials.
● The search for the ideal TEVG remains.
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