
Stem Cell Sources and Graft Material for Vascular Tissue Engineering

Dorothee Hielscher1 & Constanze Kaebisch1
& Benedikt Julius Valentin Braun1

& Kevin Gray2 & Edda Tobiasch1

Published online: 2 June 2018
# Springer Science+Business Media, LLC, part of Springer Nature 2018

Keywords Angiogenesis . Vascular cells . Graft material . Stem cells . Sprouting . Vascular grafts . Tissue engineering .

Vasculature

Introduction

Coronary artery disease represents the most common type of
heart disease and accounts for about 7.4 million deaths world-
wide in 2012 [1]. Prognoses indicate that annual mortality
from this condition will increase because the aging population
also raises the prevalence of patients with multimorbidity and
chronic conditions. This phenomenon already poses a great
challenge to regenerative medicine approaches because these
patients also often lack graft material suitable for bypass sur-
gery [2]. For some time, clinicians have sought methods to
improve the vascular regeneration of these patients by focus-
ing on gene therapy or approaches with small molecules [3].
In the last years, researchers are increasingly focusing on stem
cell-based approaches due to these cells unique ability to self-
renew and differentiate into various lineages [4]. Initially, em-
bryonic stem cells (ESCs) were the predominant stem cell
source in preclinical studies due to their pluripotency, their
ability to differentiate into all lineages. Scientific interest
shifted as Takahashi and Yamanaka reported a method to in-
duce pluripotency in somatic cells in 2006 giving rise to

induced pluripotent stem cells (iPSCs) [5, 6]. Besides these
two pluripotent stem cell types, research efforts also focus on
adult, multipotent mesenchymal stem cells (MSCs) since they
show, in contrast to ESC and iPSCs, no detectable teratoma
formation [7]. This relative safety has brought adult stem cell
approaches farther towards therapeutic application than any
other stem cell type [3]. Theoretically, stem cell-based ap-
proaches have the capacity to give rise to new blood vessels.
Indeed, extensive effort has been invested in tissue engineer-
ing strategies in the vascular field. However, to address the
massive clinical needs to perfuse or repair tissues, vascular
tissue engineering needs a scaffold platform that provides
the microenvironment the cells need. This review focuses on
stem cell sources and current graft materials that are favorable
to promote angiogenesis within tissue engineered constructs.
Further it covers the key molecules and cellular signaling in-
volved in this essential process. Subsequently, assays to study
angiogenesis, and current vascular engineering biomaterials
are discussed. The intention of this review is to provide a
broad overview on the field of (stem) cell sources and graft
material in vascular tissue engineering. For in-depth informa-
tion it is recommended to consult existing excellent works on
the specific aspects [8–11].

Vascular Cells

Blood vessels provide the bodies’ tissues and organs with
oxygen and nutrients and are crucial for immune surveillance
[12]. Essential for their proper function is the composition of
the vascular wall with its distinct cell types and structural
proteins. All blood vessels except capillaries comprise three
layers: the innermost Tunica intima, the intermediate Tunica
media, and the peripheral Tunica adventitia [13]. The cells
that are all of mesodermic origin are organized within those
layers [14]. Among them are endothelial cells (ECs), smooth
muscle cells (SMCs), pericytes, fibroblasts, neurons

* Edda Tobiasch
edda.tobiasch@h-brs.de

Dorothee Hielscher
dorothee.hielscher@h-brs.de

Constanze Kaebisch
constanze.kaebisch@h-brs.de

Benedikt Julius Valentin Braun
benedikt.braun@smail.bcw.h-brs.de

Kevin Gray
kmgray94@uw.edu

1 Department of Natural Sciences, Bonn-Rhine-Sieg University of
Applied Sciences, Von-Liebig-Str. 20, 53359 Rheinbach, Germany

2 Department of Bioengineering, University of Washington, Seattle,
3720 15th Ave NE, Seattle, WA 98195-5061, USA

Stem Cell Reviews and Reports (2018) 14:642–667
https://doi.org/10.1007/s12015-018-9825-x

http://crossmark.crossref.org/dialog/?doi=10.1007/s12015-018-9825-x&domain=pdf
http://orcid.org/0000-0002-5871-8408
mailto:edda.tobiasch@h-brs.de


(endings), and various inflammatory cells [15]. The following
paragraphs give an overview about macro- and microvascular
cells and their characteristics.

Macrovascular Cells

The macrovasculature encompasses the larger conduit arteries
like aorta and carotid that have an internal diameter bigger
than 100 μm. Acting as an elastic reservoir they store blood
during systole and release it during diastole to guarantee a
continuous and steady blood flow that involves large volume
changes but experiences little variation in pressure [16, 17].
The structure of the muscular arteries is dominated by elastin
and collagen to ensure mechanical strength [17]. The outer-
most layer of the vessel wall, the Tunica adventitia, is com-
posed of collagen-rich extracellular matrix (ECM) that is build
up by a heterogeneous population of (myo)fibroblast cells and
helps to avoid ruptures within areas of high pressure [13]. The
connective tissue is interspersed with nutrients-carrying mi-
crovascular vessels smaller than 100 μm (vasa vasorum) and
autonomic nerves (nerva vasorum) [14]. The elastic fiber net-
work of collagen in the Tunica media layer of the larger arte-
rial wall in vertebrates is organized mainly by vascular smooth
muscle cells (VSMCs). It has long been thought that the mus-
cular layer of themedia consists of a homogeneous population
of mature, differentiated, contractile VSMCs. Nowadaysmore
recent data point to the existence of multiple SMCs subpopu-
lations [15]. VSMCs can be subdivided in a contractile and a
synthetic phenotype. In a healthy body, the contractile pheno-
type is predominant and wraps circumferentially around the
blood vessel to improve its mechanical properties. The cells
show a spindle-shaped morphology, are characterized by a
low proliferation rate, and exhibit an increased expression of
contractile proteins e.g. smooth muscle myosin heavy chain.
The cells switch over to a synthetic phenotype during blood
vessel development, remodeling, injury, or disease. Their mor-
phology changes to a Bhill and valley^ structure and the cells
start to increase their proliferation rate while simultaneously
decreasing their expression of contractile proteins [18].
Besides contractile and synthetic functions, they are produc-
ing a complex ECM that accounts for the elastic recoil prop-
erties of the vessel and is necessary in signaling via inducing,
defining, or stabilizing vascular cell phenotypes [16]. The lu-
minal part of large vertebrate arteries, the Tunica intima, is
composed of endothelial cells (ECs) that form the inner lining
of these vessels and allow the continuous traffic of plasma and
cellular constituents between blood and parenchyma tissues
[19]. The inner lining is encompassed by the subendothelial
area of the internal elastic lamina which is build up of elastin
produced by ECs – a process that is hypothesized to be a
response to signals from cells residing in the Tunica media
[20]. Whereas the endothelium has long been considered a
passive barrier enabling exchange of gases, ions, and other

small substances, it is now clear that ECs take over very dis-
tinct and unique functions including regulation of hemostasis,
neutrophil recruitment and homing, hormone trafficking, and
control of the vascular tone [19, 21, 22]. Furthermore, they
play a major role in vascular development by recruiting SMCs
to the vascular wall [23].Whereas the subendothelial matrix in
smaller animals is typically acellular, a population of SMCs
can be found in humans and in larger animals [24].

Microvascular Cells

Accounting for over 95% of the total body vasculature, the
small resistance vessels of the microvasculature are mainly
precapillary arterioles with an internal diameter of less than
100 μm, capillaries (<10 μm) and venules (7 to 50 μm) [17].
Avariety of large human arteries exhibit a microvasculature in
their adventitial layers termed vasa vasorum which is mainly
responsible for nutrient transport to the vessel wall [25]. In
contrast to macrovessels, the endothelial cells of microvessels
are surrounded by solitary VSMC-like cells called pericytes
that share the basement membrane with the endothelium [26].
They are related functionally and suspected to belong to the
same cell lineage than VSMCs but differ in their distance to
the endothelium, in their morphology, and to some extent in
their expression of specific marker. Whereas arterioles are
enveloped by these VSMC-like cells and therefore primarily
control the blood volume for exchange, the walls of capillaries
and postcapillary venules are thin and mainly composed of
ECs lacking VSMC-like cells, which give them the ideal prop-
erties for regulating the exchange process itself [27].

H- / L- type Endothelial Cells

In 2014Adams and coworkers reported the identification of two
specialized endothelial cell population in bone microvessels of
mice that they termed type H and type L ECs. The terminology
originates from the finding, that type H subpopulations showed
a high expression of CD31 and endomucin, whereas type L cells
exhibited a low expression of the two markers. While both
subpopulations show signaling properties that support matura-
tion and regeneration of bone, osteoprogenitors were preferen-
tially positioned around typeH, but not type L endothelium. The
researchers also proposed that type H ECs mediate local growth
of the vasculature and provide niche signals for perivascular
osteoprogenitors [28, 29].

Stem Cell Sources for Vascular Tissues

Stem cells are capable of self-renewal as well as direct differ-
entiation and are therefore able to replace aging cells or repair
tissues [30]. These features have made them a promising tool
for regenerative medicine. There are basically two main types
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of stem cells: Embryonic stem cells which are pluripotent and
thus capable of differentiating into any cell type of the adult
body, and adult stem cells which can be multipotent and ac-
cordingly are able to differentiate into several cells, mainly of
the germ layer of which they are derived from. Since recently,
there is a new pluripotent stem cell type which is an artificially
reprogrammed somatic cell, referred to as induced pluripotent
stem cells (iPS) [3]. The following paragraphs provide an
overview on ESCs, iPSCs, and mesenchymal and vascular
stem cells (MSCs and VSCs), as well as endothelial stem
and progenitor cells.

Embryonic Stem Cells

Discovered in 1998, research on human ESCs is relatively
new, considering that mouse ESCs were already grown two
decades earlier [31]. Since that time, there has been a growing
interest in utilizing human ESCs as potential source for tissue
engineering that has made them the best characterized plurip-
otent stem cell type [32]. Despite their auspicious potential,
there are some notable hurdles to overcome before safely ap-
plying ESCs in clinics. On the one hand, there is a decades-
old, still running public debate about the ethical problems
concerning ESCs [33]. On the other hand, the serious risk of
teratoma formation, even if only a few undifferentiated cells
are transplanted into a patient, still hampers the application of
ESCs [34]. ESCs can be isolated from the inner cell mass of a
blastocyst. In contrast to most adult stem cells they reveal the
capacity of differentiating into cells of all three germ layers.
Furthermore they are defined by their potential for self-
renewal [35]. Since they are established in cell culture, a sig-
nificant effort has been made to find a definitive human ESC
marker expression profile [36]. In 2007 the International Stem
Cell Initiative investigated 59 human embryonic stem cell
lines from 17 laboratories all over the world and found similar
expression patterns of several marker. Among the common
marker the investigated ESCs shared were SSEA3 and
SSEA4, TRA-1-60, TRA-1-81, GCTM2 and GCT343, CD9,
Thy1 (similar to CD90), tissue-nonspecific alkaline phospha-
tase, class 1 HLA, NANOG, POU5F1 (formerly known as
OCT4), TDGF1, DNMT3B, GABRB3, and GDF3.
However, the researchers found that the cell lines do not show
exactly the same expression pattern but instead exhibit some
gene-dependent variations [37]. The most common genes that
are characteristic for ESCs are the transcription factors Oct-4,
Sox-2, and Nanog which are typically used for verifying the
uncommitted status of ESCs since each plays a role in regu-
lating the maintenance of pluripotency [36, 38].

ESCs can be differentiated into vascular ECs and SMCs
which has been described before [39–44]. ECs derived from
ESCs (ESC-ECs) present endothelial surface marker like
CD31 and show expression of endothelial proteins such as
von-Willebrand factor and platelet endothelial cell adhesion

molecule (PECAM-1 also known as CD31). In addition, they
are capable of capillary tube formation in Matrigel™ and take
up acetylated low-density lipoprotein, demonstrating their en-
dothelial function [3]. The differentiation of ESCs depends on
their microenvironment, which includes mechanical forces,
cytokines or growth factors, ECM, and communication with
adjacent cells [30]. Generation of ECs from ESCs is mainly
accomplished through two approaches. One is using sponta-
neous differentiation of embryoid bodies (EBs), a method also
called 3D differentiation [40, 45]. For this approach, the cells
need to be cultured in low-attachment dishes in differentiation
media, in the presence or absence of growth factors. After nine
to 13 days the cells spontaneously differentiate into ECs [46].
The other method is a 2D differentiation [47], where human
ESCs are cultured on mouse embryonic fibroblasts in differ-
entiation medium containing definded FBS for ten days with-
out supplementation of additional growth factors. Over the
time a decrease in transcription of pluripotency genes such
as Oct-4 is observable together with an increase in transcrip-
tion of genes for hematopoietic (GATA2) and endothelial cells
(PECAM1) suggesting the presence of corresponding progen-
itors [46]. However, a major hurdle that needs to be overcome
to translate ESC-based approaches from bench to bed side is
the generation of sufficient numbers of differentiated ECs,
since the yield of differentiated cell in EBs ranges from 1 to
3% [40]. Xiao and coworkers reported on the successful dif-
ferentiation of ESCs towards vascular smooth muscle cells
using different culture conditions such as cultivating the cells
on collagen type-IV or fibronectin coated plates with the ad-
dition of transforming growth factor (TGF)-β [48] or platelet-
derived growth factor (PDGF) [49].

Induced Pluripotent Stem Cells

The aforementioned drawbacks associated with ESCs moti-
vated a far-reaching search for a more ethically and therapeu-
tically viable pluripotent cell source. In 2006, Yamanaka and
colleagues screened 24 of formerly identified key genes that
seemed likely to play a role in maintenance and regulation of
pluripotency in ESCs and embryos [32]. They found that the
four transcription factors OCT3/4, Sox2, c-Myc, and Klf4 can
induce pluripotency in somatic cells and termed these cells
induced pluripotent stem cells (iPSCs) [5]. Once in a pluripo-
tent state, these cells reveal the same characteristics as ESCs
and can be differentiated into cells of all three germ layers
[32]. In parallel with Takahashi and Yamanaka, Yu and
Thomson successfully used Oct3/4 and Sox2 together with
Nanog and Lin28 reaching the same result [6]. Later, re-
searchers discovered that the number of acquired factors could
be reduced to two factors (Oct3/4 and c-Myc or Klf4) depend-
ing on the targeted somatic (stem) cell and, in some cases such
as induction of pluripotency in neural stem cells, even one
factor (Oct3/4) was shown to be sufficient [50, 51].
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Morphologically, iPSCs appear in a round shape with a large
nucleolus and a scarce cytoplasm [31]. The reprogrammed
cells grow in colonies which are tightly packed, sharp edged,
flat, and mitotically very active. Their molecular profile is
very similar to ESCs, expressing the markers Oct-4, Nanog,
Sox2, SSEA-1, SSEA-3, SSEA-4, TRA1–60, TRA-1-81 and,
ALP activity. However, Takahashi and Yamanaka found that
iPS cells are very similar but not identical to ESCs [37, 52,
53].

There are two widely preferred options for introducing
reprogramming factors into the somatic cells: integrating and
non-integrating viral vectors. In integrating vector systems,
the viral vector gets integrated into the host genome (retrovi-
rus such as lentivirus), while non-integrating methods operate
without integration into the host’s genome (i.e. adeno virus or
sendai virus) [52]. Despite their high efficacy, integrating viral
vectors have been superseded by non-integrating systems be-
cause of their high risk of cancer formation and the possibility
for random integration into an indispensable gene [54].
However, the tumor formation potential also originates from
pluripotency [55]. Reprogramming via factor-containing plas-
mids was shown to be ineffective [56].

Since induced pluripotent stem cells can give rise to every
cell of the adult body, they can be differentiated towards vas-
cular lineages. In experiments, iPSCs were shown to be capa-
ble of differentiating into SMCs [57, 58], ECs, and vascular
mural cells [59]. Park and colleagues demonstrated that func-
tional CD34+ progenitor cells can be generated from human
iPSCs by combined modulation of two signaling pathways
[60]. Another group demonstrated that iPSCs are able to dif-
ferentiate into CD31+ CD43- ECs and characterized the en-
dothelial differentiation potential of seven human iPSCs lines
obtained from different sources and compared it to human
ESCs. The expression pattern was proven to be very similar
to that observed with the human ESCs [61].

High EC and SMC differentiation efficiencies of over 80%
(99% after purification) were reported by Patsch and coworkers
[62]. The inhibition of GSK3 and simultaneously administration
of BMP4 quickly committed hPSCs to a mesodermal fate.
Subsequent exposure to VEGF or PDGF-BB facilitated the dif-
ferentiation of either ECs or SMCs, respectively. With these
protocols mature ECs and SMCs emerged within six days and
showed surface markers and all relevant in vitro and in vivo
functionalities. Global transcriptional and metabolomic studies
demonstrated that the produced cells closely resemble their in
vivo equivalent [62]. In a previous work of Sahara et al. it was
already demonstrated that endothelial progenitors, derived from
a protocol close to the one of Patsch and coworkers, implanted
into immunocompromised mice form functional capillary ves-
sels with anastomosis to the host vessels in vivo [63].

To date, the most efficient differentiation protocols to direct
hPSCs into the endothelial lineage are based on the applica-
tion of extracellular factors (mainly BMP4 and VEGF-A)

[64–67]. Besides this, James and coworkers described that
the TGFβ inhibitor SB431542 enhanced EC differentiation
of hESCs when combined with VEGF-A administration in
the first two weeks of differentiation. However, the efficiency
was low (1.8% CD31+ VEC+ ECs) [68].

Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) were first described by
Friedenstein and colleagues in 1966 who isolated these adult
stem cells from human bone marrow [69]. In the following
years, MSCs from other sources including dental pulp, skin,
tendon, muscle, peripheral blood, umbilical cord blood, and
adipose tissue could be isolated of which umbilical cord
blood, bone marrow, and fat tissue represent the most promi-
nent sources [70–72]. MSCs are multipotent stem cells and
can be differentiated into the chrondrogenic, osteogenic,
adipogenic, and myogenic lineages [73–75]. Fundamental as-
pects like the embryonic origin of MSCs and their niche in
vivo is still a highly debated question. Furthermore, MSC
populations exhibit considerable donor-to-donor and intra-
population heterogeneity [76]. This is the main reason why
MSCs do not possess a reliable unique marker, although the
International Society for Cellular Therapy defined several
minimal criteria for defining these cells. First, cultured
MSCs should adhere to plastic surfaces. Second, ≥95% of
the population must express CD105, CD73 and CD90 while
lacking (≤2% positive) the expression of CD45, CD34, CD14
or CD11b, CD79α or CD19, and HLA class II surface mole-
cules. Third, the differentiation capacity of MSCs must in-
clude osteoblast, adipocyte, and chondroblast differentiation
in vitro as demonstrated by staining [77]. Morphologically,
MSCs appear fibroblast-like and spindle-shaped [78]. The iso-
lation of MSCs can basically be divided into bone marrow-
derived (BM-MSCs) and non-bone marrow-derived sources.
Bone marrow-derived MSCs are harvested via aspiration of
the iliac crest. However, their use is limited due to low numbers,
low isolation volumes, pain, and to some extent ethical con-
cerns. Additionally, their usability is further impeded by under-
lying diseases and stem cell populations that diminish with age
[79]. Non-bone marrow-derived sources include adipose-
derived stem cells that are easy to obtain in large amounts from
liposuction surgeries of healthy individuals [70, 80].

The capacity of BM-MSCs to differentiate into cells of the
vascular lineages has been widely investigated. Researchers
could demonstrate that these cells are able to differentiate
towards endothelial cells expressing typical marker like von-
Willebrand factor (vWF), vascular endothelial growth factor
receptor1/2 (VEGFR1/2), and vascular endothelial (VE)-
cadherin in vitro [81]. In another study Janeczek Portalska
and colleagues could observe that endothelial like-MSCs de-
rived from bone marrow showed doubled numbers of vessel-
ingrowth in PLLA/PLGA constructs two weeks after
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subcutaneous implantation into mice [82]. However, MSCs
are a highly heterogeneous population and it cannot be fully
excluded, that a contamination by endothelial (progenitor)
cells upon isolation leads to enrichement of those cells upon
culture. Indeed, EC marker have been found on mRNA level
in cell suspensions directly after isolation, although they were
not detected as proteins [83]. Other studies indicated a hetero-
geneous angiogenic gene expression in different MSC types
[84, 85] as well as a paracrine influence of VEGF secretion by
MSCs on the differentiation of endothelial progenitor cells
[86]. Summing up, data on the derivation of ECs from
MSCs are poor and controversly discussed among the scien-
tific community so that considerable skepticism remains
concerning the applicability of EC differentiation fromMSCs.

Besides MSCs, a small subpopulation of very small
embryonic-like cells (VSELs) were found in adult bone mar-
row and other adult tissues, contributing to cardiac and endo-
thelial repair [87, 88]. VSELs express some pluripotency
markers and can differentiate into cells of all three germ
layers. However, there are publications refering to VSELs as
multipotent stem cells [89]. They are thought to be mobilized
into peripheral blood in response to injury, as shown in critical
limb ischemia patients [88, 89]. Furthermore, Guerin and co-
workers demonstrated that VSELs are capable of endothelial
lineage differentiation in vitro and in vivo. In a mouse model,
human VSELs were shown to trigger postischemic revascu-
larization and human CD31+ cells were found in neovessels
of plug sections. Supporting these results, Ratajczak et al.
detected high expression levels of the Flk2 transcript in highly
purified VSELs [90]. Hence, VSELs might display another
potential new source for endothelial cells.

In contrast to EC differentiation, SMC differentiation from
MSCs is well described and reproduced in many laboratories
[91–93]. Human BM-MSCs have been exploited as source of
SMCs and were used, together with ECs, in engineered small-
diameter vessel grafts [92].

Adipose tissue-derived stem cells also offer a source for
vascular cells [94] and were shown to be capable of differen-
tiating towards endothelial cells in vitro when cultured with
vascular endothelial growth factor (VEGF) and/or b-fibroblast
growth factors (b-FGF) on Matrigel™ coated coverslips or in
cell culture dishes [95, 96]. EC specific marker such as CD31
(PECAM-1), CD34, CD144 (VE-cadherin), and endothelial
cell nitric oxide synthase (eNOS) were proven to be expressed
in those cells. Other studies demonstrated the successful dif-
ferentiation into contractile SMCs that adhered and proliferat-
ed on vascular grafts [97, 98].

Endothelial Progenitor Cells

The existence of endothelial progenitor cells was postulated
since the middle of the twentieth century, but evidence was
provided as recently as 1997 when Asahara et al. reported the

isolation of putative CD34+ endothelial progenitor cells from
human peripheral blood [91]. At that time, the field was dom-
inated by studies suggesting that endothelial progenitor cells
in adults are circulating bone marrow-derived cells [91–93]
sharing a common hemangioblast precursor with hematopoi-
etic stem cells. Although the work of Asahara and coworkers
was promising, EPC identity was not thoroughly confirmed
[99]. As a result, various studies in the next decades followed,
trying to obtain a population of true EPCs. Since then, a vari-
ety of different cell types has been named EPCs because the
theoretical definition that BEPCs are able to differentiate to-
wards endothelial cells and contribute to the formation of new
blood vessels^ [100] lacked specificity. Until today there is
considerable confusion about the definition of EPCs since
various cell types emerged in scientific literature due to unre-
solved issues with EPC identity and characterization.
However, it is now generally accepted that basically two dif-
ferent approaches to study EPCs exist that result in distinct
cell populations. Flow cytometry-based assays of blood sam-
ples are using CD34, VEGFR, and sometimes CD133 [101] to
identify mononuclear circulating EPCs. However, data are
controversial on the use of CD34 and CD133. Regarding cell
culture-based methods to isolate EPCs, there is now consent
that two distinct populations are obtained. Originally, they
were referred to as early or hematopoiectic and late or
nonhematopoietic EPCs. Later, the name circulating angio-
genic cells (CACs) was replaced by the more common name
myeloid angiogenic cells (MACs) for early EPCs. These
spindle-shaped cells appear within one week in culture and
show AcLDL uptake, isolectin binding, and VEGFR2/CD31
expression. Although they are not able to become endothelial
cells they promote angiogenesis through paracrine mecha-
nisms [102]. The other known subtype, formerly referred to
as late EPCs, nonhematopoietic EPCs, or blood outgrowth
endothelial cells (BOECs), are commonly known as endothe-
lial colony forming cells (ECFCs) today. Appearing within
four weeks of culture they show a cobblestone-like morphol-
ogy together with a high proliferation potential. Many studies
confirmed a high expression of the endothelial markers VE-
cadherin, vWF, CD31, CD36, CD105, CD146, VEGF2, and
Tie2 as well as they were described negative for the
haematopoietic markers CD45 and CD14 [103]. ECFCs have
an intrinsic angiogenic capacity, can contribute to vascular
repair of injured endothelium and de novo blood vessel for-
mation [104]. Several preclinical studies could demonstrate a
therapeutic potential of ECFCs, including endothelialization
of cardiovascular grafts to ensure antithrombogenicity and
vascular patency in vivo [105]. Transplanted in mice, the
ECFCs could self-assemble into long-lasting microvascular
networks that anastomosed with the host vasculature. At
present, only ECFCs are referred to as true EPCs and are
recommended for use in vascularization of engineered tis-
sues [99, 106, 107].
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Angiogenetic Sprouting

Signalling and Molecules in Angiogenic Sprouting

For stable and long-term in vivo survival, tissue-engineered
grafts need vascular ingrowth to ensure nutrient and oxygen
supply as well as the removal of metabolic waste products
[108, 109]. Angiogenic sprouting is defined as the branching
of new blood vessels from existing ones mainly by migration
and proliferation of endothelial cells from pre-existing vessels
in the direction of hypoxic perfused tissue, a fundamental
process for vertebrate development, tissue maintenance and
repair [110]. Several types of specialized endothelial cells
are required during vessel branching: polarized tip cells with
their spike-like filopodia participate in the initiating events,
highly proliferative stalk cells elongate the stalk of the sprout
and wall-like phalanx cells are engaged in the perfusion of the
newly formed branch [111]. In response to stimuli from
growth factors, extracellular matrix (ECM) proteins, and
integrins, the respective vascular cells migrate, proliferate,
and assemble into a vascular loop in order to establish a per-
fused vessel branch [112]. The process occurs in a series of
tightly-regulated steps, which are discussed henceforth in the
context of the molecules and signalling mechanisms that
guide them (Fig. 1).

The first phase of angiogenic sprouting is the perme-
abilization of the parent vessel wall in the direction of hypoxic
tissue to give migrating and proliferating ECs access to the
connective tissue [113]. To accomplish this, various classes of

pericellular proteases lyse through the endothelial basement
membrane [114]. Among the broad spectrum of proteases in
this context well-studied are matrix metalloproteases (MMPs)
and serine proteases.

In vertebrates, twenty-three different MMPs have been
identified [115]. Mature ECs synthesize only little or no active
MMPs, but their production is strongly induced in capillary
sprouts [116]. Notably, proteases are also important for the
activation and modification of pro-angiogenic growth factors
and receptors that usher ECs into the next step of angiogene-
sis. While MMPs are typically secreted, considerable data
suggest that the plasmamembrane-boundmembrane-type ma-
trix metalloproteases (MT-MMPs) also play a critical role in
EC tubular morphogenesis in three-dimensional extracellular
matrices [117]. MT1-MMP has been reported to be an espe-
cially important regulator of angiogenesis [114, 116, 118]. A
serine protease that plays a crucial role in the degradation of
endothelial ECM, the urokinase-type plasminogen activator
(u-PA), is part of a complex system of serine proteases that
is strongly involved in angiogenesis [119]. In 2014 Stojkovic
and co-workers reported that u-PA gene and protein expres-
sion in human ECs can be upregulated by interleukin (IL)-33
whereby vessel sprouting and the formation of tubular struc-
tures was induced [120]. Also fibroblast growth factors
(FGFs) promote EC migration by inducing the synthesis
of ECM degrading enzymes such as collagenase and uPA
[112, 121].

The second and most significant phase of angiogenic
sprouting comprises the weakening of EC-EC contacts, EC

Fig. 1 Angiogenic sprouting gets initiated by the permeabilisation of the
parent vessel wall (a) by various proteases (b) like matrix
metalloproteinases or serine proteases in the direction of hypoxic tissue.
This gives the migrating and proliferating ECs access to the connective
tissue and paves the way for the second and most significant phase of

angiogenic sprouting. It results in a weakening of EC-EC contacts, EC
migration through the basement membrane, and proteolysis of the stromal
ECM accompanied by proliferation and migration. The activation of the
VEGF pathway through VEGFR2 finally induces the tip-cell phenotype
in the leading ECs which then migrates up the VEGF gradient (c)
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migration through the breach in the basement membrane, and
proteolysis of stromal ECM accompanied by their prolifera-
tion and migration [113]. All of these processes involve vas-
cular endothelial growth factor (VEGF) signalling [122]. Its
pro-angiogenic effect is primarily mediated via binding to the
tyrosine kinase receptor vascular endothelial growth factor
receptor 2 (VEGFR2) [110]. VEGFs are essential regulators
of both, vasculogenesis and angiogenesis. VEGF ligands can
bind to VEGFR1 to 3 and to co-receptors like heparin sulphate
proteoglycans (SPGs) and neuropilins [123]. VEGF binding
signals the disassembly of the VE-cadherin/beta-catenin com-
plex at adherens junctions leading to disruption of the endo-
thelial cell-cell contacts [124]. Activation of the VEGF path-
way through VEGFR2 binding induces the tip-cell phenotype
in leading endothelial cells [125]. These tip cells migrate up
the VEGF gradient generated by hypoxic tissues [126].
VEGFR1 is associated with negative regulations of the de-
veloping tube but is not required for their development.
Furthermore, VEGFR1 has been reported to negatively in-
fluence VEGFR2 signaling, while others suggest VEGFR1
promotes VEGFR2 activity in pathological angiogenesis
[127, 128]. Stalk cells respond to the local VEGF concen-
tration, elongating and proliferating behind the migrating
tip-cells to form a solid tube of cells that extends from the
parent vessel [129].

The netrin, semaphorin, ephrin, and slit families of mol-
ecules regulate sprout navigation as well [130]. Signalling
from binding of the guidance molecule netrin-1 to the en-
dothelial transmembrane protein CD146 (also known as
melanoma cell adhesion molecule, MCAM) promotes an-
giogenesis and vascular development in vertebrates [131].
Plexin-semaphorin interactions have been shown to medi-
ate sprouting angiogenesis [132]. To activate their receptor,
the Eph receptor tyrosine kinase, ephrins typically have to
be membrane-bound [122]. Therefore the transmembrane
protein Ephrin receptor ligand Ephrin-B2 is a cell contact-
dependent sprout guidance molecule [133]. It drives fur-
ther remodelling and maturation of the vascular endotheli-
um [122]. There is emerging evidence that interactions of
the slit family of secreted proteins with the roundabout
(Robo) receptors also play a role in angiogenesis [134].
However, whether Robo/Slit signalling has a pro-
migratory or repulsive effect on EC migration remains de-
bated [111].

Another growth factor important for the regulation of an-
giogenic vessel formation is angiopoetin 1 (Ang-1) [135].
Through binding to the associated receptor tyrosine kinase
Tie-2, Ang-1 stimulates EC migration and cytoskeletal reor-
ganization in the absence of cell-cell contacts [136]. On the
other hand, Ang-1/Tie-2 signalling promotes the recruitment
of pericytes and tightening of the interactions between ECs
and the ECM in the presence of cell contacts, whereby the
vascular integrity is maintained [112].

Notch signalling plays a central role in regulating sprout
formation. Notch signaling in angiogenesis is conducted pri-
marily through Notch1-Dll4, and Notch1-Jagged 1 signalling
[137]. Cross-talk between Notch1-Dll4 and VEGF establishes
an adequate tip cell – stalk cell ratio for organized vascular
patterning [138]. Dll4 is upregulated in response to increased
VEGF concentration and tip cell activation, then binds to
Notch1, which decreases VEGFR2 expression, decreasing
sensitivity to VEGF gradients and thereby promoting a
stalk-cell phenotype [110, 139]. Notch1-Dll4 signaling helps
inhibit excessive tip-cell activation, and thus bars rampant
sprouting in the same area from the parent vessel as well as
branching of a sprout [110, 140]. Notch1-Jagged 1 signalling
inhibits Notch1—Dll4 signalling and thus promotes sprouting
and branching [141].

In developing vessels, transforming growth factor beta
(TGF beta) signalling can either induce a pro-angiogenic re-
sponse or an inhibitory one [142]. This is imputed to interac-
tions between TGF beta and the receptors activin receptor-like
kinases 1 and 5 (ALK 1 and 5), where each type elicits an
opposing response [143]. It has been proposed that high,
prolonged amounts of TGF beta stimulation results in ALK
5 signalling dominating, fostering ECM production, quies-
cence, and differentiation along mural-cell lineages such as
pericytes and SMCs. On the other hand, low or moderate
amounts of TGF beta exposure allow ALK 1 signalling to
dominate, which impedes maturation and differentiation en-
gages migration and proliferation [144]. Bone morphogenetic
proteins (BMPs) are also agonists to ALK receptors and have
similarly been reported to exert pro- as well as anti-angiogenic
effects [145].

Eventually, the sprout will come into contact with a sprout
from another vessel and the two will anasmatose via tip-cell
filopodia interactions [146]. Stalk cells will proliferate further
to form a complete lumen, ECs will secrete a basement mem-
brane about the vessel, and pericytes will begin to associate
with the vessel [113]. During vessel maturation, endothelial
cells express a variety of cell adhesion proteins on their cell
surface in order to restore a tight vessel wall that functions as
selective barrier, the retentiveness of which has given these
mature endothelial cells the title of phalanx cells [122]. In
addition to the aforementioned TGF-beta, BMP, and Ang1-
Tie signalling, interaction of ECs with interstitial matrix pro-
teins during lumen formation and tubular morphogenesis is
mediated through several integrins differing in their ligand
binding specificity [117, 147]. Adherens junctions mediating
cell-cell adhesion between ECs are predominantly formed by
vascular endothelial (VE)-cadherin [148]. Cadherin-based
adherens junctions are connected to the actin-microfilament
system of adjacent cells via catenins [122]. It is suggested that
VE-Cadherin, alpha-catenin, and beta-catenin form a complex
at early stages of intercellular adhesion between endothelial
cells [149].

648 Stem Cell Rev and Rep (2018) 14:642–667



Taken together signalling in angiogenic sprouting is a com-
plex assembly of well orchestrated events that are thightly
controlled through a variety of factors. Therefore, the main
challenge is to fully understand these complex biological sys-
tems and to mimick it in detail in order to develop a functional
vascular graft.

Assays to Study Angiogenesis

Despite the immense progress in understanding blood vessel
development there still exists no ‘gold standard’ assay that
adequately fulfills all important demands such as rapid assess-
ment, quantification and measurability, reproducibility, and
comparability with the in vivo situation at once. Therefore a
proper selection or combination of multiple assays is required
in order to answer one particular scientific question [150]. The
following part summarizes the most common models that are
currently used to study angiogenesis.

In vitro Angiogenesis Assays

In vitro angiogenesis assays are typically performed to study
EC behavior within a well-defined microenvironment and to
observe interactions of ECs with non-endothelial cell types
which are thought to exert important paracrine regulatory ef-
fects during sprouting [151]. Figure 2 depicts an overview
about the different types of assays.

In general, in vitro assays offer good reproducibility,
precision, and a tight control of the components partici-
pating in the angiogenic process [150]. Unfortunately,
most assays recapitulate only a few stages of angiogene-
sis and do neither resemble vessel morphology nor phys-
iological aspects in vivo [152]. Cell proliferation assays
aim to determine the ability of ECs to respond to chem-
ical, biological, and mechanical stimuli by quantifying
the rate of cell growth e.g. via cell counting and diverse
viability assays. Migration assays provide information re-
garding the ability of intrinsic or extrinsic regulators to
promote or inhibit EC migration. Frequently used are
scratch assays (Fig. 2a) and transmembrane/Boyden
chamber assays (Fig. 2b). For performing a tube forma-
tion assay (Fig. 2c and d) ECs are seeded on 2D or within
3D basement membrane compounds (fibrin, collagen,
Matrigel™) and the formation of capillary-like structures
is monitored over time [153]. Vessel formation is quanti-
fiable by counting length and number of formed tubes
and branches. Since they are easy to perform, rapid, reli-
able, and sensitive to composition and mechanical prop-
erties of a specific ECM structure, tube formation assays
are the most widely used in vitro assays to examine
sprouting angiogenesis.

Ex vivo and in vivo Angiogenesis Assays

Studying angiogenesis requires a reliable, physiologically rel-
evant, and technically straightforward assay [154]. Ex vivo
assays bridge the gap from cell-based assays that can not re-
flect the whole complex process of angiogenesis, to time-
consuming and expensive in vivo assays. The latter recapitu-
late the entire spatiotemporally controlled angiogenic program
to establish the physiological organization of the vascular net-
work or vessels characteristic for certain vascular diseases.
Figure 3 gives an overview of commonly performed ex vivo
and in vivo assays.

Ex vivo models such as the retina-based angiogenesis as-
says (Fig. 3a) are mimicking appropriately aspects of retinop-
athy of prematurity, proliferative diabetic retinopathy, and
age-related macular degeneration [148, 155]. Like vascular
explants such as the aortic rings assay (Fig. 3b) also retinal
explants mimic the natural heterotypic microenvironment
of sprouting vessels more precise than isolated ECs alone
[155, 156]. The native spatial organization of ECs,
supporting cell types, and ECM molecules as well as en-
dogenously generated growth factor gradients are repre-
sented in those models [150, 157]. Eye and aortic explant
assays are matrix invasion assays investigating tube forma-
tion. Polymeric scaffolds or Matrigel™ plugs containing
pro- or anti-angiogenic factors are subcutaneously im-
planted into rodents and analysed ex vivo [158, 159].
Immunohistochemical analysis of explants provides bene-
ficial information about host tissue response feedback
mechanisms. Nevertheless, the influence of blood flow,
shear forces, and blood pressure cannot be studied [148].
Moreover, they are usually not derived from the organ that
is actually targeted [159]. Therefore, ex vivo assays should
rather be considered as link between in vitro and in vivo
assays that combines the benefits of both, accuracy and
physiological relevance.

An in vivomodel is the hindbrain assay in rodents (Fig. 3c).
Due to the ease of access to the femoral artery and the low
mortality rate, the murine hindlimb ischemia is considered as a
powerful tool for preclinical testing of new therapies for pe-
ripheral artery disease [160]. Due to their small size, optical
transparency, and high number of offspring, zebrafish are a
favored in vivo model used in vascular biology (Fig. 3d)
[148, 150]. Live cell imaging using time-lapse microscopy en-
ables easy, rapid, and quantitative analysis of angiogenic pro-
cesses. The chick chorioallantoic membrane (CAM) assay
(Fig. 3e) is another well-established in vivo angiogenesis assay
typically used for the validation of in vitro observations about
molecular mechanisms of tumor-associated neovascularization
and preclinical screening of novel anti-angiogenic agents [161].

To complete this chapter, vasculogenic in vivo assays
should be mention here. The most common ones in this cate-
gory are Matrigel®-based plug assays. Matrigel® provides a
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natural environment for endothelial cells introduced into the
matrix. Following subcutaneous injection the liquid solidifies
and permits penetration by host cells that induce vasculariza-
tion. Evaluation of a Matrigel® plug assay is achieved by
determination of the hemoglobin content or by histological
assessment via blood vessel staining and subsequent determi-
nation of vascular density [158]. Matrigel® plug assays are
reproducible and easy to implement and thus are routinely
performed [162]. Malero-Martin and Bischoff reported an
adapted version of the Matrigel® plug assay which utilized
the matrix to deliver human blood-derived EPCs and mature
SMCs subcutaneously into mice. One week after implantation
a microvascular network was formed that contained host
erythorcytes indicating that a de novo vascular network was
formed and functional anastomoses with the host circulatory
system developed [163].

Computational Angiogenesis Assays

For the clinical applicability of vascular grafts it is important
to understand how sprouting angiogenesis within a porous
scaffold can be controlled [164]. Since in vivo sprouting ex-
periments are not only time-consuming but also expensive, in
silicomodels have become more and more a powerful predic-
tive tool that allows rapid screening of potential biomaterial
designs for vascular tissue engineering [110, 165]. For exam-
ple for the description of cell migration, cell-matrix and cell-
cell interactions many simulations combine discrete modeling
of single cells with continuous modeling of the ECM and
soluble factors resulting in hybrid models that include me-
chanical laws [109]. Van Oers and colleagues proposed a hy-
brid computational model based on biomechanical interac-
tions between ECs and the ECM [166]. They could show that

Fig. 2 Frequently used in vitro
angiogenic sprouting assays to
study EC behavior during
sprouting angiogenesis. Common
are wound or scratch assays (a) as
well as a Boyden chamber (b) to
investigate migration of the ECs.
In a tube formation assay (c, d)
ECs are seeded on a 2D or 3D
matrix (e.g. Matrigel™) and the
formation of capillary-like struc-
tures can be monitored.
Micrographs of wound assay and
boyden chamber membrane
kindly provided by Patrick
Babczyk
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a set of assumptions mimicking mechanical cell-cell commu-
nication via ECM is sufficient to recapitulate the collective EC
behavior during sprouting and network formation. In summa-
ry, computational models should be regarded as complemen-
tary concept to experimental approaches that very likely ac-
celerates scientific progress in particular in the field of vascu-
lar biology.

Graft Materials for Vascular Tissue
Engineering

Today a large variety of advanced materials for diverse blood
vessel engineering strategies exists and is still increasing
[167]. Vascular grafts aim to replicate the functionality of the
natural endothelium [168]. To do so, graft material design has
to meet some fundamental requirements which constitute a
biocompatible chemical composition, an adequate architec-
ture, and mechanical and degradation properties according to
the application as well as an appropriate surface topography
[169]. A lot of progress has been made in the development of
advanced biomaterials to provide a tailored microenvironment
that not only promotes the ingrowth of vascular cells, but also
stimulates ECM production and prevents thrombus formation
[170]. However, despite rapid progress in the field of engi-
neering native vessel-like grafts, several of the currently ap-
plied biomaterials face diverse drawbacks especially with re-
spect to insufficient cell seeding and distribution, immune-
rejection, and inflammatory reactions, as well as the threat of
mechanical failure under physiological conditions [171, 172].
Generally, vascular graft materials can be classified as either
natural, derived from a biological source, or biosynthetic, in-
corporating biological and man-made elements, or pureley
synthetic matrices [173]. The ultimate graft material does
not exist, it needs to be chosen according to its application.
While natural graft materials might mimic their natural model
the best, decellularization can have a negative impact on
(bio)mechanical behavior, biocompatibility, and immunogen-
ic potential. Their longer leadtime makes them not readily

available, which needs to be considered as well. Synthetic
graft materials are highly flexible by adopting their physical
properties. However, their low patency rates, a restricted bio-
compatibility, and a time-consuming population need to be
considered. If synthetic grafts are used without cells, they
are available on demand because of their long shelflife.
Biosynthetic grafts combine both advantages but also disad-
vantages of natural and synthetic materials. However, the ma-
terials within the different classes can still differ a lot in terms
of their origin and fabrication. Prominent examples of each
class are discussed henceforth and are summarized in Fig. 4.
Important facts (such as the used grafts and cells or the results)
of the cited in vivo studies in the following sections are pro-
vided at a glance in Table 1.

Natural Vascular Grafts

Tissue-derived vascular grafts such as decellularized ECM
originating from different species, collagen, silk fibroin, and
fibrin are widely used materials to promote vascular healing
(Fig. 4). Compared to fresh allografts, decellularized vein al-
lografts displayed satisfactory mechanical stability, minimal
evidence of antigenicity and a recolonization with smooth
muscle alpha-actin positive stained cells [174]. The
decellularized bovine ureter SynerGraft® model 100 was re-
ported to be an appropriate vascular graft alternative when
autologous vein is not available [175]. However, residual cells
and xenoantigens e.g. galactose-alpha-1,3-galactose in the
decellularized bovine ureter were described to be responsible
for inflammatory reactions that might lead to xenograft failure
[176]. The decellularization process itself was furthermore
shown to have an impact on cellular behavior. An aggressive
decellularization for example was shown to induce a shift in
the macrophage phenotype fromM1 toM2 in vitro. In fact this
shift was not evident in vivo but remarkable differences were
found with regard to the spatial distribution of M1 versus M2
macrophages within various decellularized scaffolds of por-
cine origin [177]. For repopulating decellularized scaffolds
stem cells are of great interest. In one instance, decellularized
human arteries were repopulated by cells expressing the stem
cell markers CD34 and SSEA. Following implantation in a
murine graft model the transplanted stem cells subsequently
expressed mature vascular cell markers such as CD31,
calponin, and myosin heavy chain [178]. Besides stem cells,
primary cells can be used for repopulating decellularized scaf-
folds. When creating a tissue-engineered blood vessel, repop-
ulation of endothelium-denuded human umbilical veins
(HUVs) appears to be superior to decellularized HUVs since
the nuclease treatment during decellularization resulted in par-
tial removal of ECM components and substantially altered
surface properties [179].

Collagen is the main structural component of various con-
nective tissues in mammals and is composed of triple-helical

�Fig. 3 Ex vivo and in vivo assays to study angiogenesis. Ex vivo vascular
explants such as retinal explant cultures (a) and aortic rings (b, upper row)
mimic the natural heterotypic microenvironment of sprouting vessels
more precise than isolated ECs. Polymeric scaffolds or Matrigel™
plugs containing pro- or anti-angiogenic factors are subcutaneously im-
planted into mice and immunohistochemical analysis of the explants (b,
lower row) provide beneficial information about host tissue response
feedback mechanisms. A powerful tool for preclinical testing of new
therapies for peripheral artery disease is murine hindlimb ischemia (c).
Another favored model for vascular biology is the zebrafish (d) because
of its small size, transparency, and its high numbers of offspring. Chick
chorioallantoic membrane (CAM) assay (e) is a well-established in vivo
angiogenesis assay which is typically used for the validation of in vitro
observed molecular mechanisms of tumor-associated neovascularizations
and preclinical screening of novel anti-angiogenic agents
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fibrils. It is also found in the ECM of blood vessels [180]. Due
to their good cell adherence properties, low immunogenicity
and robust tensile strength, collagen-based scaffolds are ide-
ally suited for the fabrication of vascular grafts [181]. Huynh
and colleagues reported that an acellular collagen graft mate-
rial derived from porcine submucosa of the small intestine and
bovine type I collagen successfully integrated into the host
tissue and served as scaffold for restoring a functional blood
vessel in a rabbit arterial bypass model [182]. Another hybrid
construct made of collagen with incorporated elastin
displayed an improved solid elastic mechanical behavior com-
pared to control constructs composed of collagen only [183].
Despite these promising studies collagen-based grafts are not
convenient for every clinical application. Since collagens are
often applied in gel-like condition which lacks mechanically
stability, they are contraindicated for applications such as in
the coronary system. Furthermore, prion proteins can be an
issue if xenogenous collagen is used. Next to others, a study
performed byManduz and coworkers revealed that the bovine
mesenteric vein graft ProCol® should not be recommended
for infrainguinal arterial reconstruction due to its low primary

patency rates and high risk for graft failure in this context
[184, 185].

Silk fibroin, a semicrystalline fibrous biopolymer, offers
the necessary mechanical properties along with controllable
biodegradation and biocompatibility [186]. Its processing by
electrospinning provides an attractive opportunity for produc-
ing nanofibrillar matrices for small calibre vessel regeneration.
Electrospun silk fibroin nanofibres displayed good
cytocompatibility and a mean compliance value higher than
the values reported for both Goretex® and Dacron® which
makes them a suitable graft material [187]. The mechanical
fortitude facilitates the application of mechanical stimuli. In
another study, tubular electrospun silk fibroin scaffolds were
sequentially seeded with human coronary artery SMCs and
human aortic endothelial cells and cultured under dynamic
flow conditions. With respect to cell proliferation and align-
ment, ECM production and cell phenotype, tissue engineered
vascular grafts under physiological flow had a better outcome
relative to those cultivated under static conditions [188].
Blending and drying of silk fibroin with noncrystallizable
tropoelastin resulted in a protein-based biomaterial that

Fig. 4 Graft material used in vascular tissue engineering. Natural
materials used for vascular grafts contain decelluarized ECM such as
collagen, silk fibroin or fibrin. Furthermore, decellularized vein
allografts display satisfactory mechanical stability, minimal evidence of
antigenicity and a recolonization with smooth muscle cells. Besides
natural, synthethic materials are an attractive alternative due to their
flexibility, mechanical strength and stiffness. Combining natural and

synthetic materials (biosynthetic) opens more possibilities for tailoring
the grafts properties to suit the needs of a particular application.
Possible materials are collagen layers containing cells and an acellular
support sleeve (A), fibrin-based scaffolds (B), nanostructured polyure-
thane blended with gelatin (C), microchannels in methacrylated gelatin
(D), 3D printed scaffolds (E), hybrid-meshes (F) or heparin-
functionalized polymers (F)

Stem Cell Rev and Rep (2018) 14:642–667 653



Ta
bl
e
1

Su
m
m
ar
y
of

gr
af
tt
yp
es
,c
el
ls
,m

od
el
sy
st
em

s,
an
d
re
su
lts

us
ed

in
th
e
ci
te
d
in

vi
vo

st
ud
ie
s

G
ra
ft

C
el
ls

M
od
el
sy
st
em

R
es
ul
ts

R
ef
er
en
ce

sm
al
ld

ia
m
et
er
gr
af
t;

ju
gu
la
r
ve
in
s
as

-f
re
sh

al
lo
gr
af
t

-f
re
sh

al
lo
gr
af
t

-d
ec
el
l.
A
llo

gr
af
t(
S
D
S
)

no
ne

ca
ni
ne

-n
o
ru
pt
ur
es

or
an
eu
ry
sm

in
an
y
gr
ou
p

-l
um

in
al
na
rr
ow

in
g
in

bo
th

al
lo
gr
af
ts

-f
re
sh

al
lo
gr
af
ts
:s
ig
ni
fi
ca
nt

m
on
on
uc
le
ar

ce
ll
in
fi
ltr
at
e,
in
tim

al
hy
pe
rp
la
si
a,
in
tr
am

ur
al
he
m
or
rh
ag
e
co
ns
is
te
nt

w
ith

re
je
ct
io
n

-d
ec
el
l.
A
llo

gr
af
ts
:m

in
im

al
ev
id
en
ce

of
re
je
ct
io
n,
bu
tc
om

pa
ct
fi
br
in

la
ye
r
al
on
g
lu
m
en

-r
ep
op
ul
at
io
n
(α
-S
M
A
+
)
of

de
ce
ll.

A
llo

gr
af
ts
by

8
w
ee
ks

-d
ec
el
l.
A
llo

gr
af
ts
ex
hi
bi
ts
at
is
fa
ct
or
y
st
re
ng
th
,r
ed
uc
ed

an
tig

en
ic
ity

co
m
pa
re
d
to

fr
es
h
al
lo
gr
af
ts
,s
up
po
rt
of

ce
llu

la
r
re
po
pu
la
tio

n

[1
73
]

ha
em

od
ia
ly
si
s
ac
ce
ss

gr
af
t;

-d
ec
el
la
ri
ze
d
bo
vi
ne

ur
et
he
r
(S
yn
er
G
ra
ft

M
od
el
10
0)

no
ne

hu
m
an

-m
ea
n
tim

e
of

oc
cl
us
io
n
(1
9
ev
en
ts
):
21
5±

14
1
da
ys

w
ith

pa
te
nc
y

re
-e
st
ab
lis
he
d
in

14
of

18
su
rg
ic
al
in
te
rv
en
tio

ns
−3

0
an
gi
op
la
st
ie
s
pe
rf
or
m
ed

on
14

gr
af
ts
fo
r
lu
m
in
al
/a
na
st
om

ot
ic
st
e-

no
si
s

−2
gr
af
ts
:a
re
as

of
di
la
ta
tio

n,
bu
ts
til
lu
sa
bl
e
af
te
r9

30
an
d
60
2
da
ys

w
ith

no
fu
rt
he
r
ch
an
ge
s
in

gr
af
ts
iz
e

-p
ri
m
ar
y
pa
te
nc
y,
as
si
st
ed

pr
im

ar
y
pa
te
nc
y,
se
co
nd
ar
y
pa
te
nc
y,
an
d

fr
ee
do
m

fr
om

in
fe
ct
io
n:

29
,4
5,
81
,a
nd

95
%

at
1
ye
ar

[1
74
]

co
m
pl
ex

ve
no
us

ac
ce
ss

gr
af
t;

-d
ec
el
lu
la
ri
ze
d
bo
vi
n
ur
et
er

(S
yn
er
G
ra
ft
)

no
ne

hu
m
an

-a
ne
ur
ys
m
al
di
la
ta
tio

n
(3

gr
af
ts
)

-t
hr
om

bo
si
s
(2

gr
af
ts
)

--
>
ac
ut
e
an
d
ch
ro
ni
c
tr
an
sm

ur
al
in
fl
am

m
at
io
n
(r
es
id
ua
l

xe
no
oa
nt
ig
en
s?
)

[1
75
]

de
ce
llu

la
ri
ze
d
po
rc
in
e
sm

al
li
nt
es
tin

al
E
C
M

no
ne

gl
ir
in
e

-a
gg
re
ss
iv
e
de
ce
llu

la
ri
za
tio

n
as
so
ci
at
ed

w
ith

sh
if
tf
ro
m

M
1
to

M
2

m
ac
ro
ph
ag
es

(i
n
vi
tr
o,
bu
tn

ot
qu
an
tit
at
iv
el
y
in

vi
vo
)

-d
if
fe
re
nt
di
st
ri
bu
tio

n
of
M
1
vs
.M

2
ph
en
ot
yp
e
w
ith

in
sc
af
fo
ld
s
(i
n
vi
vo
)

[1
76
]

de
ce
llu

la
ri
ze
d
hu
m
an

le
ft
in
te
rn
al
m
am

m
ar
y

ar
te
ry

br
an
ch
es

as
gr
af
ts

no
ne

m
ur
in
e
(m

ou
se
)

-r
ep
op
ul
at
io
n
by

ce
lls

ex
pr
es
si
ng

st
em

ce
ll
m
ar
ke
rs
(C
D
34

an
d
SS

E
A
);

m
ar
ke
rs
of

m
at
ur
e
E
C
s
an
d
S
M
C
s
(C
D
31
,c
al
po
ni
n,
M
H
C
)

-m
ig
ra
to
ry
ca
pa
ci
ty
of
cu
ltu

re
d
ce
lls

w
as

si
gn
.H

ig
he
rt
ha
n
m
ou
se
S
M
C
s

[1
77
]

sm
al
ld

ia
m
et
er
gr
af
ts
;

co
lla
ge
n
de
ri
ve
d
fr
om

su
bm

uc
os
a
of

sm
al
l

in
te
st
in
e
an
d
ty
pe

I
bo
vi
ne

co
lla
ge
n

no
ne

le
op
ri
ne

-e
xc
el
le
nt

he
m
os
ta
si
s
an
d
pa
te
nc
y

-w
ith

in
3
m
on
th

po
st
im

pl
an
ta
tio

ns
gr
af
ts
w
er
e
re
m
od
el
ed

in
to

ce
llu

la
ri
ze
d
ve
ss
el
s
ex
hi
bi
tin

g
ph
ys
io
lo
gi
ca
la
ct
iv
ity

in
re
sp
on
se

to
va
so
ac
tiv

e
ag
en
ts

[1
81
]

in
fr
ai
ng
ui
na
lr
ec
on
st
ru
ct
io
n
w
ith

a
bo
vi
ne

m
es
en
te
ri
c
ve
in

gr
af
t(
Pr
oC

ol
)

no
ne

hu
m
an

-p
ri
m
ar
y
pa
te
nc
y
ra
te
0%

at
3
m
on
th
,w

ith
gr
af
tf
ai
lin

g
be
tw
ee
n
4
an
d

11
3
da
ys

-a
ne
ur
ys
m
al
di
la
ta
tio

n
(2

gr
af
ts
)

[1
83
]

in
fr
ai
ng
ui
na
lr
ec
on
st
ru
ct
io
n
w
ith

a
bo
vi
ne

m
es
en
te
ri
c
ve
in

gr
af
t(
Pr
oC

ol
)

no
ne

hu
m
an

-g
ra
ft
th
ro
m
bo
si
s
(2

pa
tie
nt
s)
on

po
st
op
er
at
iv
e
da
y
1
(2
8.
5%

)
-s
ho
rt
es
tp

at
en
cy

6
m
on
th
,l
on
ge
st
18

m
on
th

-a
ne
ur
ys
m
al
di
la
tio

n
in

2
gr
af
ts
(2
8.
5%

)
af
te
r
12

an
d
18

m
on
th
,

re
sp
ec
tiv

el
y

[1
84
]

m
ic
ro
va
sc
ul
ar
gr
af
ts
;

si
lk

fi
br
oi
n
tu
be
s

no
ne

m
ur
in
e
(r
at
)

−4
-w

ee
k
tim

e
pe
ri
od
:g

ra
ft
pa
te
nc
y
an
d
en
do
th
el
ia
ll
in
in
g
of

lu
m
en

su
rf
ac
es

[1
85
]

fi
br
in

ge
lw

ith
en
tr
ap
pe
d
ce
lls

hu
m
an

de
rm

al
fi
br
ob
la
st
s

m
ur
in
e
(r
at
),
ov
in
e

-a
ft
er

7–
9
w
ee
ks

bi
or
ea
ct
or

cu
ltu

re
gr
af
ts
w
er
e
ex
te
ns
iv
el
y
re
m
od
el
ed

by
th
e
fi
br
ob
la
st
s
in
to
ci
rc
um

fe
re
nt
ia
lly

-a
lig

ne
d
tu
be
s
of

co
lla
ge
n
an
d

ot
he
r
E
C
M

w
ith

bu
rs
tp

re
ss
ur
es

of
14
00
–1
60
0
m
m
H
g
an
d
co
m
pl
i-

an
ce
s
co
m
pa
ra
bl
e
to

na
tiv

e
ar
te
ri
es

[1
89
]

654 Stem Cell Rev and Rep (2018) 14:642–667



T
ab

le
1

(c
on
tin

ue
d)

G
ra
ft

C
el
ls

M
od
el
sy
st
em

R
es
ul
ts

R
ef
er
en
ce

-t
is
su
e
su
tu
re

re
te
nt
io
n
fo
rc
e
w
as

su
ita
bl
e
fo
r
im

pl
an
ta
tio

n
in

ra
tm

od
el

an
d
(w

ith
PL

A
se
w
in
g
ri
ng
s
at
tr
ap
pe
d
at
bo
th

en
ds
)
al
so

in
ov
in
e

m
od
el

fi
br
in

m
at
ri
x
ou
to

f
th
ro
m
bi
n
fr
om

a
si
ng
le

do
no
r

no
ne

hu
m
an

-s
uf
fi
ci
en
ta
m
ou
nt

of
th
ro
m
bi
n
ca
n
be

ob
ta
in
ed

fr
om

a
si
ng
le
do
no
r
to

cr
ea
te
a
fi
br
in

m
at
ri
x
of

hi
gh

ef
fi
ci
en
cy

w
ith

ou
tt
he

ri
sk

of
im

m
un
ol
og
ic
al
an
d
in
fe
ct
io
us

si
de

ef
fe
ct
s

[1
90
]

de
ce
llu

la
ri
ze
d
en
gi
ne
er
ed

al
lo
gr
af
ts
;f
ib
ri
n

ge
lt
ub
es

cu
ltu

re
d
w
ith

ce
lls

(5
w
ee
ks
)

an
d
de
ce
llu

la
ri
ze
d
af
te
rw

ar
ds

ov
in
e
de
rm

al
fi
br
ob
la
st
s

ov
in
e

-a
t8

(n
=
5)

an
d
24

(n
=
4)

w
ee
ks

al
lg

ra
ft
s
w
er
e
pa
te
nt

sh
ow

in
g
no

ev
id
en
ce

of
di
la
ta
tio

n
or

m
in
er
al
iz
at
io
n

-m
id
-g
ra
ft
lu
m
m
en

di
am

et
er

w
as

un
ch
an
ge
d

-e
xt
en
si
ve

re
ce
llu

la
ri
za
tio

n
oc
cu
re
d
(m

os
tc
el
ls
ex
pr
es
si
ng

al
ph
aS
M
A
)

-e
nd
ot
he
lia
liz
at
io
n
w
as

co
m
pl
et
e
by

24
w
ee
ks

(e
la
st
in

de
po
si
tio

n
ev
id
en
t)

[1
92
]

sm
al
l-
di
am

et
er
gr
af
ts
as

ca
ro
tid

ar
te
ry

gr
af
ts
;

tu
bu
la
r
hy
dr
og
el
s
fr
om

ba
ct
er
ia
lly

sy
nt
he
si
ze
d
ce
llu

lo
se

no
ne

ov
in
e

-b
ur
st
in
g
st
re
ng
th

po
st
op
er
at
iv
e
ap
pr
ox
.8
00

m
m
H
g,
su
tu
re

re
te
nt
io
n

st
re
ng
th

4–
5
N

-p
at
en
cy

ra
te
of

50
%

(n
=
5)
,p
hy
si
ol
og
ic
al
pe
rf
or
m
an
ce

of
pa
te
nt
gr
af
ts

at
4,
8,
an
d
12

w
ee
ks

po
st
op
er
at
iv
e
co
m
pa
ra
bl
e
to

na
tiv

e
ar
te
ri
es

-n
eo
fo
rm

at
io
n
of

va
sc
ul
ar

w
al
l-
lik

e
st
ur
ct
ur
e
al
on
g
th
e
B
C
sc
af
fo
ld

(i
m
m
ig
ra
te
d
va
sc
ul
ar

SM
C
s)
,h
om

og
en
ou
s
en
do
th
el
ia
liz
at
io
n
of

in
-

ne
rg
ra
ft
su
rf
ac
e
w
ith

ou
ts
ig
ns

of
pr
oo
th
rr
om

bo
ge
ni
c
or
in
fl
am

m
at
or
y

po
te
nt
ia
l

[1
93
]

T
E
ve
ss
el
s
gr
ow

n
fr
om

al
lo
ge
ni
c
ce
lls

in
bi
om

im
et
ic
pe
rf
us
io
n
sy
st
em

;a
ft
er
w
ar
ds

de
ce
llu

la
ri
za
tio

n
+
se
ed
in
g
w
ith

re
ci
pi
en
t

ce
lls

-a
llo

ge
ni
c
po
rc
in
e
SM

C
s

-e
nd
ot
he
lia
lp

ro
ge
ni
to
r
ce
lls

or
en
do
th
el
ia
lc
el
ls

fr
om

re
ci
pi
en
t

po
rc
in
e

-a
ll
E
PC

an
d
E
C
se
ed
ed

gr
af
ts
re
m
ai
ne
d
pa
te
nt

fo
r
30

da
ys

w
he
re
as

co
nt
ro
ls
w
er
e
pa
te
nt

in
on
ly

3/
8
im

pl
an
ts

-E
PC

an
d
E
C
se
ed
ed

gr
af
ts
sh
ow

ed
le
ss

ne
oi
nt
im

al
hy
pe
rp
la
si
a
an
d

fe
w
er

pr
ol
if
er
at
in
g
ce
lls

-p
ro
te
in
s
in
m
am

m
al
ia
n
ta
rg
et
of
ra
pa
m
yc
in
si
gn
al
in
g
pa
th
w
ay

te
nd
ed

to
be

de
cr
ea
se
d
in

T
E
V

[1
96
]

sh
ee
tc
re
at
ed

fr
om

iP
S
ce
ll-
de
ri
ve
d
va
sc
ul
ar

ce
lls

m
al
e
m
ou
se

iP
S
C
s
di
ff
er
en
tia
te
d
in
to

em
br
oi
d

bo
di
es

by
ha
ng
in
g
dr
op

m
et
ho
d
(S
SE

A
-1
+
),

E
C
an
d
S
M
C
m
ar
ke
r
po
si
tiv

e

m
ur
in
e
(m

ou
se
)

-a
ll
m
ic
e
su
rv
iv
ed

w
ith

ou
tt
hr
om

bo
si
s,
an
eu
ry
sm

fo
rm

at
io
n,
gr
af
t

ru
pt
ur
e,
or

ca
lic
if
ic
at
io
n

-e
nd
ot
he
lia
liz
at
io
n
(v
on

W
ill
le
br
an
d+

)a
nd

in
ne
rl
ay
er
of

SM
C
s
(a
ct
in
+
,

ca
lp
on
in
+
)
at
10

w
ee
ks

-n
um

be
r
of

se
ed
ed

di
ff
er
en
tia
te
d
iP
S
C
s
de
cr
ea
se
d
ov
er

tim
e
(4
2.
2%

w
ee
k
1;

10
.4
%

w
ee
k
4;

9.
8%

w
ee
k
10
)

-f
ra
ct
io
n
of

iP
SC

s
Y
-c
hr
om

os
om

e
fl
uo
re
sc
en
tp

os
iti
ve

at
1
w
ee
k

-n
o
iP
S
C
s
co
-l
oc
al
iz
ed

w
ith

vo
n
W
ill
eb
ra
nd
+
or

S
M
C
-a
ct
in
+
ce
lls

at
10

w
ee
ks

[2
05
]

m
ac
ro
po
ro
us

el
ec
tr
os
pu
n
PC

L
sc
af
fo
ld
s
as

ra
ta
bd
om

in
al
ao
rt
a
gr
af
t

no
ne

m
ur
in
e
(r
at
)

-e
nh
an
ce
d
ce
ll
in
fi
ltr
at
io
n
an
d
E
C
M

se
cr
et
io
n

-a
ll
gr
af
ts
sh
ow

ed
sa
tis
fa
ct
or
y
pa
te
nc
y
fo
r
up

to
10
0
da
ys

-c
om

pl
et
e
en
do
th
el
iu
m

co
ve
ra
ge

at
da
y
10
0
an
d
co
rr
ec
tly

or
ga
ni
ze
d

SM
C
la
ye
r
w
ith

ab
un
da
nt

E
C
M

si
m
ila
r
to

na
tiv

e
ar
te
ri
es

-a
rt
er
ie
s
de
m
on
st
ra
te
d
co
nt
ra
ct
ile

re
sp
on
se

to
ad
re
na
lin

e
an
d

ac
et
yl
ch
ol
in
e-
in
du
ce
d
re
la
xa
tio

n
-t
hi
ck
er
-f
ib
er

sc
af
fo
ld
s
in
du
ce
d
a
la
rg
e
nu
m
be
r
of

M
2
m
ac
ro
ph
ag
e

in
fi
ltr
at
io
n
in
to
gr
af
tw

al
lw

hi
ch

fu
rt
he
r
pr
om

ot
ed

ce
llu

la
r
in
fi
ltr
at
io
n

an
d
va
sc
ul
ar
iz
at
io
n

[2
06
]

Stem Cell Rev and Rep (2018) 14:642–667 655



T
ab

le
1

(c
on
tin

ue
d)

G
ra
ft

C
el
ls

M
od
el
sy
st
em

R
es
ul
ts

R
ef
er
en
ce

la
rg
e
po
re

gr
af
ts
fr
om

PL
A
co
at
ed

w
ith

P
L
C
L

sm
al
lp

or
e
gr
af
ts
fr
om

el
ec
tr
os
pu
n
P
L
A

as
in
fr
a-
re
na
la
or
tic

in
te
rp
os
iti
on

co
nd
ui
t

no
ne

m
ur
in
e
(m

ou
se
)

-l
ar
ge

po
re

gr
af
ts
in
du
ce
d
w
el
l-
or
ga
ni
ze
d
ne
oi
nt
im

a
af
te
r
12

m
on
th

-s
m
al
lp

or
e
gr
af
ts
sh
ow

ed
ne
oi
nt
im

m
al
ca
lic
if
ic
at
io
n
in

th
in

ne
oi
nt
im

a
-m

ac
ro
ph
ag
e
in
fi
ltr
at
io
n
an
d
fe
w
va
sc
ul
ar

SM
C
s
w
er
e
ob
se
rv
ed

in
th
e

th
in

ne
oi
nt
im

a
of

th
e
sm

al
lp

or
e
gr
af
ts
at
12

m
on
th

-n
eo
in
tim

a
of

la
rg
e
po
re

gr
af
ts
w
as

co
m
po
se
d
of

ab
un
da
nt

va
sc
ul
ar

SM
C
s
an
d
a
lo
w
er

de
ns
ity

of
m
ac
ro
ph
ag
es

-l
ar
ge

po
re

gr
af
tS

M
C
s
ex
pr
es
se
d
tr
an
sc
ri
pt
io
n
fa
ct
or
s
of

bo
th

os
te
ob
la
st
s
an
d
os
te
oc
la
st
s

[2
07
]

m
ic
ro
po
ro
us

PC
L
sc
af
fo
ld

m
od
if
ie
d
w
ith

co
lla
ge
n
an
d
M
A
P-
R
G
D
as

ra
bb
it
ca
ro
tid

ar
te
ry

gr
af
t

no
ne

le
op
ri
ne

-M
A
P
-R
G
D
co
at
in
g
re
du
ce
d
po
ss
ib
ili
ty

of
ea
rl
y
gr
af
tf
ai
lu
re

an
d

en
ha
nc
ed

re
-e
nd
ot
he
lia
liz
at
io
n
by

in
si
tu

re
cu
ri
tm

en
to

f
E
C
/E
PC

(p
at
en
cy

ra
te
:2

/3
)

-e
nd
ot
he
lia
liz
at
io
n
pr
io
r
to

im
pl
an
ta
tio

n
ag
gr
av
at
ed

th
e
fo
rm

at
io
n
of

th
ro
m
bo
si
s
an
d/
or

IC
H
(p
at
en
cy

ra
te
:0

/3
)

[2
08
]

P
V
D
F
-b
as
ed

te
xt
ile

fi
br
es

w
ith

in
co
rp
or
at
ed

su
pe
rp
ar
am

ag
ne
tic

ir
on

ox
id
e

na
no
pa
rt
ic
le
s
m
ol
de
d
w
ith

a
m
ix
tu
re

of
fi
br
in

an
d
ce
lls
,t
he
n
en
do
th
el
ia
liz
ed

in
vi
tr
o
be
fo
re

im
pl
an
tin

g
as

ar
te
ri
ov
en
ou
s

sh
un
tb

et
w
ee
n
ca
ro
tid

ar
te
ry

an
d
ju
gu
la
r

ve
in

fi
br
ob
la
st
s,
S
M
C
s

ov
in
e

-g
ra
ft
s
w
er
e
bi
oc
om

pa
tib

le
an
d
fu
nc
tio

na
l

-e
ff
ic
ie
nt
en
do
th
el
ia
liz
at
io
n
an
d
en
do
ge
no
us

ne
o-
va
sc
ul
ar
iz
at
io
n
w
ith

in
th
e
ve
ss
el
w
al
l

[2
18
]

sm
al
lc
al
ib
er

ve
ss
el
gr
af
ts
;

fi
br
in

sc
af
fo
ld

su
pp
or
te
d
by

P(
L
/D
)L
A
96
/4

m
es
h,
se
ed
ed

w
ith

ce
lls

as
ca
ro
tid

ar
te
ry

gr
af
t

au
to
lo
go
us

ar
te
ri
al
-d
er
iv
ed

ce
lls

ov
in
e

-s
ig
ni
fi
ca
nt

st
en
os
is
in

on
e
ex
pl
an
ta
ft
er

3
m
on
th

-c
om

pl
et
e
ab
se
nc
e
of

th
ro
m
bu
s
fo
rm

at
io
n
on

lu
m
in
al
su
rf
ac
e,
w
ith

no
ev
id
en
ce

fo
r
an
eu
ry
sm

fo
rm

at
io
n
or

ca
lc
if
ic
at
io
n
af
te
r
6
m
on
th

-r
em

od
el
lin

g
of

fi
br
in

sc
af
fo
ld

w
ith

m
at
ur
e
au
to
lo
go
us

pr
ot
ei
ns

an
d

ex
ce
lle
nt

ce
ll
di
st
ri
bu
tio

n
w
ith

in
gr
af
tw

al
l

-c
on
fl
ue
nt

m
on
ol
ay
er

of
en
do
th
el
ia
lc
el
ls
lin

in
g
lu
m
in
al
su
rf
ac
e
(v
W
f

an
d
eN

O
S
+
)

[2
22
]

sm
al
ld

ia
m
et
er
gr
af
t;

el
ec
tr
os
pu
n
sy
nt
he
tic

P
C
L
an
d
ch
ito

sa
n,

he
pa
ri
n
im

m
ob
ili
za
tio

n
of

gr
af
t

no
ne

m
ur
in
e
(r
at
)

-h
ep
ar
in
w
as

re
le
as
ed

fr
om

th
e
gr
af
tf
or

up
to
1
m
on
th
an
d
im

pr
ov
ed

th
e

he
m
oc
om

pa
tib

ili
ty

(r
ed
uc
ed

pl
at
el
et
ad
he
si
on

an
d
pr
ol
on
ge
d

co
ag
ul
at
io
n
tim

e)
(i
n
vi
tr
o)

-s
us
ta
in
ed

re
le
as
e
of

he
pa
ri
n
in
vi
vo

pr
ov
id
ed

op
tim

al
an
tit
hr
om

bo
ge
ni
c

ef
fe
ct
by

re
du
ce
d
in

th
ro
m
bu
s
fo
rm

at
io
n
an
d
m
ai
nt
ai
ni
ng

pa
te
nc
y

-h
ep
ar
in

fu
nc
tio

na
liz
at
io
n
en
ha
nc
ed

in
si
tu

en
do
th
el
ia
liz
at
io
n,

pr
ev
en
tin

g
oc
cu
rr
en
ce

of
re
st
en
os
is

[2
25
]

656 Stem Cell Rev and Rep (2018) 14:642–667



showed some mechanical properties comparable to those of
native aortic elastin or elastin-like polypeptides and supported
the attachment and proliferation of mesenchymal stem cells
[189]. An alternative strategy to generate polymeric scaffolds
that mimic native arterial walls is the use of fibrillary fibrin
gels which are formed when thrombin is added to fibrinogen
[170]. Since it can be produced from the patients’ own blood,
fibrin has a compatability advantage over other biopolymers
[190]. The amount of autologous thrombin obtained from a
single donor is sufficient to create an efficient fibrin matrix
without causing immunological and infectious reactions that
might occur if bovine thrombin is used [191]. Syedain and
colleagues investigated human dermal fibroblasts entrapped
in fibrin gel and cultured under pulsatile flow in a biore-
actor. Their concept resulted in vascular grafts with cir-
cumferential alignment of cell-produced collagen along
with burst pressures and compliance comparable to native
arteries [190]. Similar effectiveness was achieved using
cyclic mechanical stretching [192]. In another study ovine
dermal fibroblasts were used for converting a fibrin gel
into an aligned tissue tube following decellularization and
implantation into the femoral artery of sheep. After im-
plantation, comprehensive ingrowth of αSMA-positive
cells occurred and complete endothelialization together
with elastin fiber accumulation throughout the construct
could be detected [193].

Recently other natural biomaterials have also been investi-
gated. Gluconacetobacter-synthesized cellulose was used to
fabricate small arterial substitutes in sheep. Postexplantation
analysis revealed newly formed vascular wall-like structures
composed of immigrated SMCs and a homogeneous endothe-
lial cell layer lining the inner graft surface [194]. Norotte and
coworkers successfully engineered vascular tubes of desired
shapes and hierarchical tree-like structure by printing SMCs
and fibroblast aggregates with distinct diameter (300–
500 μm) in layers together with agarose rods, followed by
fusion of the discrete units [195]. In a recently published study
it has been reported that the sustained release of vascular en-
dothelial growth factor from gelatin microparticles incorporat-
ed in human endothelial progenitor cells-laden bioprinted
Matrigel™/alginate scaffolds (ratio of 3:1) resulted in an in-
creased in vivo vessel formation [196]. Natural material scaf-
folds can even be fabricated by cells alone. Engineered con-
nective tissues were grown from banked porcine SMCs using
a biomimetic perfusion system and the tissues were subse-
quently decellularized. The remaining ECM was seeded with
either endothelial progenitor or endothelial cells and im-
planted in the porcine carotid artery to provide a vascular graft
that resisted both, clotting and intimal hyperplasia [197].
Culturing of iPSC-derived mesenchymal progenitor cells un-
der pulsatile conditions caused layer formation of calponin-
positive smooth muscle cells which were embedded in a col-
lagenous matrix [198].

In summary, natural grafts can be divided into scaffolds
composed of one or more natural material components of
the ECM and decellularized scaffolds. About one third of
the studies used natural ECM components, whereas the re-
maining two thirds took decellularized tissues for scaffolding.
For the latter most commonly veins, arteries, urether, or intes-
tine of bovine, porcine, and human origin were used. As nat-
ural scaffold materials the majority of the studies used colla-
gen, followed by fibrin and fibroin manufactured either by
electrospinning or in form of gels. Gelatin is the third most
commonly used ECM component used for generating vascu-
lar scaffolds. A small minority of studies used agarose or
cellulose.

Grafts that utilize single ECM molecules or combina-
tions thereof mimick the extracellular matrix but are limited
in mechanical strength and show a high degree of compac-
tion [199, 200]. Those scaffolds can be produced in large
quantities and could be stored which makes those scaffolds
readily available in urgent cases. This is in contrast to
decellularized grafts, which evolved as promising approach
in tissue engineering since the native tissue architecture is
preserved within those scaffolds. Especially in combination
with a recellularization using patient-derived cells, particu-
larly stem cells, decellularized scaffolds show a high poten-
tial in vascular tissue engineering since major drawbacks
that can be found for scaffolds using donor cells, such as
immune reactions, are low. Nevertheless, before consider-
ing the clinical use of decellularized vascular grafts, some
difficulties need to be overcome: The decellularization pro-
cess needs to be optimized, as for example detergents used
for the process can have a substantial effect on the grafts
mechanical and biochemical behavior and therefore may
have an impact on the grafts biocompatibility or the immu-
nogenic potential [200, 201]. Furthermore, in comparison
to scaffolds made up of natural ECM components,
decellularized tissues are not readily available and thus
need a longer leadtime.

No matter if decellularized tissue or natural ECM compo-
nent scaffolds, data on studies where acellular scaffolds has
been used are rare. Avast majority utilized endothelial cells or
their progenitors to populate the scaffolds, followed by
smooth muscle and stem cells and their progenitors. Rarely,
fibroblasts are used for (re-)populating scaffolds.

Recently, there has been considerable increase in research
on decellularized pericardial tissue [202] used for
bioprosthetic valve and total artificial hearts. By glutaralde-
hyde treatment, which effect on pig valves was discovered in
1968 by Alain Carpentier, the collagen gets prevented from
denaturation and the immunological responses become re-
duced by masking the host antigens [203]. However, since
glutaraldehyde-fixed biophrosthetic heart valves underwent
calcification over time [204], calcium-mitigating adjuncts
were added later [205] which resulted in near doubling of
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the average graft durability [203]. In very young patients and
children calcification remained an issue, so that heat treatment
was successfully introduced to alleviate calcification [203].
Today, glutaraldehyde-treated tissue of several autologous or
xenogenic origins are used for numerous applications, for ex-
ample in valve repair and replacement, conduit, or patches
[206, 207]. For detailed in-depth reading on heart valve re-
placements we recommend the review of Dijkman et al. [208].

Next to natural materials, the market is offering a wide
range of synthetic polymers which are discussed in the next
paragraph.

Synthetic Vascular Grafts

Synthetic materials are an attractive alternative to tissue-
derivedmaterials mainly due to the flexibility of adapting their
physical properties such as mechanical strength and stiffness
or elasticity to the specific need. This is why vascular grafts
made of synthethic material find a wide clinical application in
the treatment of cardiovascular diseases [209]. However, one
major challenge with synthetic polymer-based vascular grafts
is the low patency rate compared to natural or biosynthetic
graft materials [170]. Therefore, advanced strategies focus
on the modification of the luminal surface with protein coat-
ings such as adhesion or signalling molecules in order to en-
hance the integration of vascular grafts within the host’s tissue
[180]. Another point that has to be addressed is the biocom-
patibility of these materials. Acidic or cytotoxic degradation
products that are released during the tissue remodeling process
at the implantation site may cause inflammation, cell apopto-
sis, or tissue necrosis [169].

A broad spectrum of synthetic polymers and co-polymers
has been investigated for vascular tissue engineering applica-
tions. Materials such as expanded polytetrafluoroethylene
(ePTFE), polyglycolic acid (PGA), polyethylene glycol
(PEG), polycaprolactone, polylactid acid (PLA), and poly(es-
ter urethane) urea are often used to fabricate synthetic vascular
grafts.

Biodegradable polymers as vascular grafts degrade gradu-
ally to secretion of degradation factors and the synthesis of
ECM by host cells during the tissue remodeling process [210].
PGA is commonly applied in vascular tissue engineering ap-
proaches as it displays a sufficient biodegradation rate without
toxic breakdown product release [170]. Vessel walls
engineered from human bone marrow-derived mesenchymal
stem cells which were seeded in PGA mesh scaffolds and
cultured in a pulsatile perfusion system under optimized con-
ditions were found to be histologically and molecularly simi-
lar to native vessels [92]. Seeding of induced pluripotent stem
cell-derived vascular cells onto a polyglycolic acid-poly-l-
lactide and poly(l-lactide-co-ε-caprolactone) scaffold has
been performed to create a biodegradable sheet which was
implanted in the inferior vena cava of mice. In the acute phase

the differentiated iPSCs exerted a paracrine effect to induce
neotissue formation, although the number of seeded iPSCs
decreased over time by apoptosis [211]. In another study ve-
nous valves were fabricated based on polyglycolic acid-poly-
4-hydroxybutyrate composites seeded with in vitro condi-
tioned autologous ovine bone marrow-derived MSC. This
generated graft can overcome immunologic and thromboem-
bolic complications reported for xeno- and allogeneic trans-
plants and thus provide the potential to be used for the replace-
ment of diseased venous valves [212].

Polycaprolactone is another synthetic polymer that has
been extensively studied for its potential use as vascular graft
material. Small pore size of electrospun vascular grafts often
limits cell infiltration and thereby restricts the regeneration
and the remodeling process of neoartery formation. Large-
pore PCL scaffolds were prepared to overcome this problem.
The macroporous grafts enhanced cell ingrowth and the secre-
tion of ECM components. Furthermore, the neoarteries
displayed layer formation similar to those of a native vessel
wall as well as a contractile phenotype in response to adrena-
line and acetylcholine-induced relaxation [213]. Large-pore
PLA fibers coated with poly(L-lactide-co-ε-caprolactone)
(PLCL) (PLA-PLCL) are more suitable vascular grafts com-
pared to small-pore PLA nanofibers (PLA-nano) since they
promote the formation of a well-organized neointima and pre-
vent neointimal calcification [214]. Coating of microporous
PCL scaffolds with recombinant mussel adhesive protein
fused with arginine-glycine-aspartic acid peptide (MAP-
RGD) improved the in situ recruitment of endothelial and
endothelial-progenitor cells after implantation in rabbit carotid
arteries whereas pre-endothelialization of the constructs in-
creased the risk of thrombus formation and intimal hyperpla-
sia [215]. Electrospinning of synthetic polymers into nanofi-
bers enables the formation of graft materials with high poros-
ity and surface area-to-volume ratios mimicking naturally oc-
curring structures such as collagen and elastin fibrils [170]. An
electrospun synthetic copolymer from poly(L-lactid-co- ε -
caprolactone) [P(LLA-CL)] (75:25) with aligned nanofibers
significantly improved the adhesion and proliferation rate of
human coronary artery SMCs compared to plane polymer
films [216].

A multiple of studies on synthetic vascular grafts focus on
PEG due its resistance to protein adsorption, an important
event with regard to platelet adhesion and occlusion of vessel
implants [72, 210]. To adapt PEG-based polymers to a specific
application they are often modified with functional groups or
degradable peptides and proteins. Pfeiffer and coworkers
showed that fibronectin-coated PEG electrospun grafts pro-
moted endothelial cell attachment and viability better than
equivalently pretreated ePTFE grafts [217]. ePTFE (GORE-
TEX®) is, besides polyester (Dacron®), the most commonly
used material for vascular grafts. Roll and colleagues reported
that one study reported significant differences in primary
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patency for Dacron® and one favouring PFTE grafts.
However, in seven trials found no significant differences were
identified between the two materials [218].

Co-electrospun polyethylene glycol and poly-ε-
caprolactone created a highly porous vascular graft that has
been modified by anchoring heparin to surface exposed lysine
groups (PCL-LYS-H). Dynamic co-culture of ECs on these
PCL-LYS-H scaffolds and SMCs on PCL resulted in a
three-dimensional tissue engineered graft with mechanical
properties that showed promise towards meeting today’s clin-
ical demands [219].

Due to its three-dimensional structure consisting of a
diisocyanate hard domain, a chain extender, and a diol soft
domain polyurethane-based scaffold, these materials can
be combined with numerous additives to take various
shapes, modify surface characteristics, and yield hybrid
composites having mechanical properties that range from
elastomeric to stiff [170]. ECs cultured on biomaterials of
polyurethane that incorporate gold nanoparticles displayed
an increased proliferation and migration rate which was
associated with induced expression levels of both, endo-
thelial nitric oxide synthase and phosphorylated-Akt (p-
Akt) [220]. Rapid incorporation of muscle-derived stem
cells within tubular poly(ester urethane) urea (PEUU) scaf-
folds by using a rotational vacuum seeding device resulted
in an even distribution of the cells while maintaining their
viability, high proliferation rates, and stem cell antigen-1
expression [221].

While the afforementioned polymers are perhaps the most
widely explored of synthetic graft materials, many other arti-
ficial substances have been investigated for their potential
medical application as tissue-engineered blood vessel substi-
tutes. Rat bone marrow MSCs, genetically modified with the
endothelial nitric oxide synthase gene, integrated within the
microfibers of an electrospun poly(propylene carbonate) scaf-
fold to build up a vascular graft produced a nitric oxide rate
that was comparable to that of mature vessels [222]. Another
b i o c omp a t i b l e n a n om a t e r i a l w i t h im p r o v e d
hemocompatibility, antithrombogenicity, enhanced mechani-
cal and surface properties, calcification resistance, and re-
duced inflammatory response was developed by incorporating
polyhedral oligomeric silsesquioxane (POSS) into polymers
[223]. Poly-(sulfobetaine methacrylate [SBMA]) hydrogels
modified with the peptide RGD and the vascular endothelial
growth factor-mimicking peptide KLTWQELYQLKYKG
provided a homogeneous vascular graft with an interconnect-
ed pore structure which supported endothelial cell adhesion
and proliferation [224]. Incorporation of ultrasmall
superparamagnetic iron oxide nanopart icles into
polyvinylidene fluoride (PVDF)-based textile fibers is suitable
for the fabrication of tissue-engineered vascular grafts that can
be traced in vivo in a non-invasive manner using magnet res-
onance imaging [225].

Leferink and coworkers produced micro-objects made of a
photocurable epoxy-resin and used them as elements in cellu-
lar building blocks for bottom-up tissue engineering ap-
proaches. The researchers suggest applying their stacked,
tube-like scaffolding elements to develop vessel-like con-
structs by using vascular endothelial cells with their micro-
objects [226].

Summing up, ePTFE, PGA, PLA, PEG, and poly (ester
urethane) urea are the most commonly used synthetic poly-
mers to fabricate vascular grafts. Synthetic graft materials
have the advantage that various properties can be tuned,
resulting in a good reproducibility, and a wide-ranging control
over material properties such as porosity, degradation time,
and mechanical characteristics. But even if they can be syn-
thesized with physicochemical and mechanical properties
comparable to those of biological tissues they still allow only
little control over cell behavior and show less biological ac-
tivity [199, 201]. For example the cellular integration is often
low for which reason there are strategies to modify the luminal
surface with protein coatings, peptides, or functional groups to
enhance this process. Futhermore the toxic and allergic poten-
tial must be evaluated and excluded when using synthetic
grafting material, because oftentimes acidic or cytoxic degra-
dation products are released by synthetic polymers.

The majority of the studies utilize endothelial cells to pop-
ulate the scaffolds, followed by smooth muscle cells and stem
cells. The need to seed the scaffolds with cells is, if applied, a
major drawback of synthetic grafts: in vitro culture steps [200]
are time-consuming and limit the application in situations
where a fast solution is essential. However, if synthetic scaf-
folds could be applied without cells, their usage can be an
advantage since the scaffolds can be stored due to their long
shelflife and would be available on demand.

Biosynthetic Vascular Grafts

The combination of natural and synthetic materials to estab-
lish so-called hybrid constructs opens more possibilities for
tailoring the grafts properties to suit the needs of a particular
application. Controlling cell adherence and biological activity
can be directed by the nature-derived components whereas the
physical and chemical properties can be designed by choosing
a specific synthetic compound [72]. A construct-sleeve hybrid
graft created from a collagen layer containing cells and an
acellular, uncrosslinked, and glutaraldehyde-treated support
sleeve fabricated from type I collagen gels possessed an in-
creased mechanical strength compared to unstiffened control
constructs (Fig. 4A) [227]. Another group has shown that
nanostructured polyurethane Tecophilic (TP) blended with
gelatin (gel) at a weight ratio of 70:30 maintained the contrac-
tile phenotype of seeded vascular SMCs without signs of
prothrombogenic potential [228]. In another work, autologous
artery-derived cells were seeded onto a fibrin-based scaffold
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reinforced by a poly(L/D)lactide 96/4 mesh (Fig. 4B) and
cultivated under dynamic flow conditions prior to implanta-
tion in the carotid artery of sheep. The explanted vascular
composite grafts revealed a good mid-term patency in the
arterial circulation of this large animal model [229].
Bertassoni and coworkers successfully embedded
microchannels inside methacrylated gelatin (Fig. 4D). The
created vascular network was shown to improve cell viability
and differentiation within the hydrogel constructs. In addition,
the formation of endothelial monolayers within these
microchannels could be demonstrated [230].

A variety of bioactive factors have been investigated for
their beneficial effect on vascular cell adhesion, migration,
growth, and angiogenic sprouting. The melding of natural
biomaterials with synthetic ones enables the design of
scaffold-based ligand-anchoring and controlled release sys-
tems for these factors. One example is a hybrid mesh of
poly(ɛ-caprolactone)-collagen blend (PCL/Col) and
hyaluronic acid (HA) hydrogel (Fig. 4F) which has been load-
ed with the angiogenic growth factors VEGF [196] and
PDGF-BB. Co-culturing of human umbilical vein endothelial
cells and lung fibroblasts within this bio-functionalized con-
struct resulted in primitive capillary network formation [231].
A similar outcome has been observed for the heparin-
functionalized poly(ε-caprolactone) (PCL) / chitosan (CS) hy-
brid small-diameter vascular grafts (Fig. 4G). These constructs
promoted in situ endothelialization and thereby could prevent
the appearance of restenosis - one of the main reasons for graft
failure [232].

To resume, biosynthetic grafts try to make use of the best
properties of both, synthetic and natural polymer scaffolds.
They feature the strength, tunability, and manufacturing con-
trol of synthetic materials and the biocompatibility and bio-
chemical cues of natural materials to a high degree. In the
absence of appropriate autologous graft material biosynthetic
scaffolds seem to be a promising alternative. However biosyn-
thetic grafts not only combine the best properties of each class,
but also show the disadvantages of both. Furthermore, as for
synthetic grafts, a major drawback is the long period of in vitro
culture to generate robust constructs seeded with cells [200]
which limits their usage in emergencies where this kind of
scaffolds are needed.

Conclusion and Future Perspective

Coronary vascular disease constitutes an imminent and
expanding challenge that medicine must address in the near
future. Vascular grafting offers a wide range of therapeutic
options comprising different material of natural, synthetic, or
biosynthetic origin that can is used alone or in combination
with various (stem) cells to create a bioactive vascular graft.
Strategic design of graft materials can enable researchers to

more closely regulate biological processes crucial to the for-
mation of native-esque tissues, such as differentiation, ECM
synthesis, matrix remodeling, and more complicated, albeit
crucial processes like angiogenic sprouting. Ultimately, such
advanced materials will enable engineered vascular grafts to
overcome the insufficient biocompatibility, immunogenicity,
and mechanical stability that currently bars their widespread
use. Especially the use of 3D printing is likely to develop to a
promising innovative system for graft design the next years.

Tissue-engineered vascular constructs are beneficial
over conventional grafts since they adapt to the body
by allowing remodeling, self-repair, and growth of the
tissue. The latter is especially important when thinking
of pediatrics. As cell source for tissue engineered vas-
cular grafts, stem cells and stem cell-derived vascular
cells are likely to further increase in use. Especially
iPSCs will pave the way for personalized medicine.
Patient-specific vascular grafts and regeneration offer
completely new therapeutic options that meet the
requirements for each individual. However, this will al-
so bring along difficulties: Grafts that are readily avail-
able to patients are more attractive to clinicians, pa-
tients, and finally are easier to bring together with var-
ious regulatory environments. One main drawback that
hampers clinical implementation is the waiting time for
graft production. The use of autologous cells requires
waiting times up to a month. Although there are studies
that report using low-pressure systems to harvest bone
marrow, isolate cells, and seed them on the same day
[211] other studies need to follow in order to improve
fabrication time, costs, and cell preparation (including
differentiation efficiency and -time).
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