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Abstract: Insufficient endothelialization of cardiovascular grafts is a major hurdle in vascular sur-
gery and regenerative medicine, bearing a risk for early graft thrombosis. Neither of the numerous
strategies pursued to solve these problems were conclusive. Endothelialization is regulated by the
endothelial basement membrane (EBM), a highly specialized part of the vascular extracellular ma-
trix. Thus, a detailed understanding of the structure—function interrelations of the EBM components
is fundamental for designing biomimetic materials aiming to mimic EBM functions. In this review,
a detailed description of the structure and functions of the EBM are provided, including the luminal
and abluminal interactions with adjacent cell types, such as vascular smooth muscle cells. Moreover,
in vivo as well as in vitro strategies to build or renew EBM are summarized and critically discussed.
The spectrum of methods includes vessel decellularization and implant biofunctionalization strate-
gies as well as tissue engineering-based approaches and bioprinting. Finally, the limitations of these
methods are highlighted, and future directions are suggested to help improve future design strate-
gies for EBM-inspired materials in the cardiovascular field.

Keywords: endothelial cells; bioinstructive implants; vascular grafts; tissue engineering; bioprint-
ing; bioinspired materials; biological membrane; endothelial basement membrane; biomaterial

1. Introduction

Blood vessels providing the body with nutrients and oxygen are indispensable for
human survival. Consequently, malfunctioning blood vessels are associated with cardio-
vascular diseases (CVD), such as atherosclerosis, myocardial infarction, or stroke [1]. Ad-
vanced stages of CVD require interventional therapy, such as vessel dilation by balloons
or stent implantation, or vascular surgery to re-canalize, replace, or bypass occluded ves-
sels using vascular grafts [2]. Artificial vascular grafts composed of poly(ethylene tereph-
thalate) (PET) or expanded poly(tetrafluoroethylene) (ePTFE), though still the best alter-
native after autologous blood vessels, bear a high risk of thrombosis due to their limited
endothelialization capacity [3]. Endothelial cells (EC) make up the inner layer of native
blood vessels, the tunica intima, forming the endothelium as a functional entity, often
referred to as an organ by itself [4]. Its function as a restrictive barrier for small molecules
also controls transmigration of blood cells at infectious events, regulates blood cholesterol
levels by the uptake of oxidized low density lipoprotein, and determines vascular tone by
interacting with underlying smooth muscle cells (SMC) in the tunica media. The primary
function of the quiescent endothelium under healthy conditions is the maintenance of an
undisturbed blood flow and control of hemostasis. The regulation of this complex inter-
play ensures a constant and ubiquitous provision of tissues with oxygen and nutrients.
The seeding of EC on polymer-based grafts prior to implantation, therefore, suggests itself
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as an approach to prevent thrombus formation in vivo and to facilitate biological integra-
tion of the graft.

Endothelialization, including EC proliferation and migration, is a process regulated
by several factors and structures, in particular, by the endothelial basement membrane
(EBM). This unique structural unit is located underneath every endothelial cell layer, sep-
arating it from the underlying tissue. The synthesis and deposition of the EBM are neces-
sary for the firm adhesion of EC to a substrate, and cellular adhesion is a prerequisite for
the execution of several EC-related tasks, such as the maintenance of hemostasis. Thus, a
thorough understanding of the molecular architecture, its biophysics, and the correspond-
ing functions of the EBM are of utmost importance for more effective implant design strat-
egies, including the creation of new biomimetic implants. Therefore, these elements de-
serve more focused attention and reflection than currently provided in the secondary lit-
erature. This review aims at explaining the importance of the EBM, including its structure,
functions, and interactions with the luminal and abluminal sides in vivo. Moreover, strat-
egies to mimic this complex tissue compartment based on decellularization, bioinstructive
implant interfaces, tissue engineering, and bioprinting are summarized and critically dis-
cussed prior to suggesting future directions to push forward this scientific field (Figure
1).
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Figure 1. The endothelial basement membrane (EBM). This review describes the role of the EBM,
including its structure and functions, especially its luminal and abluminal interactions with adjacent
cells. Moreover, multiple design strategies for cardiovascular implants aiming to imitate the EBM
or stimulate its formation are described, including decellularization of natural blood vessels, im-
plant biofunctionalization, tissue engineering, and bioprinting.
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2. The Endothelial Basement Membrane
2.1. EBM Composition and Biophysical Properties

Every artery consists of three main layers: tunica adventitia, tunica media, and tunica
intima. The outer layer, the tunica adventitia, is mainly composed of collagenous fibers
and fibroblasts. In addition, it is pervaded by the vasa vasorum, a network of small capil-
laries providing the artery with nutrients and oxygen, and the nervi vasorum, a network
of nerves controlling vasomotor tone. In large arteries, these networks reach the outer part
of the middle layer, the tunica media, which is composed of elastic fibers and SMC and is
responsible for the adaption to varying blood pressures by contraction and relaxation. The
inner layer, the tunica intima, is made of a thin nonproliferating (quiescent) monolayer of
squamous EC forming the endothelium, which primarily enables an undisturbed blood
flow. Neighboring layers are separated by elastic laminae: the outer layer is separated
from the middle layer by the external elastic lamina, and the inner layer is separated from
the middle layer by a complex of the internal elastic lamina and the EBM. The EBM is
composed of two basal laminae, each of which consists of a 30 to 40 nm thick electron-
lucent lamina lucida/rara adjacent to the cell membrane and a 50 to 80 nm thick outer
electron-dense lamina densa [5]. The lamina reticularis, which is not part of the basal lam-
ina but located directly underneath, connects the basal lamina with adjacent connective
tissue forming the EBM. While the basal lamina is an extremely fine structural feature of
the EBM detectable by electron microscopy only, the complete EBM forms a structure
thick enough to be detected by light microscopy.

The EBM represents a highly specialized part of the vascular extracellular matrix
with a thickness of 20-200 nm depending on location in the body, the developmental state,
and (patho)physiological conditions [6,7]. The same applies to the composition and struc-
ture of the EBM, which is highly heterogeneous and tissue-specific. However, all EBMs
share four main components: collagen type IV, laminin, heparin sulfate proteoglycans
perlecan or agrin, and nidogens/entactins (Figure 2). Apart from that, additional mole-
cules such as fibronectin, fibulin 1 and 2, collagen type XVIII, and secreted protein acidic
and rich in cysteine (SPARC), among others, can occur in the EBM of different vascular
beds in a dynamic fashion, but to a lesser extent than the four main components [7]. A
systematic proteomic approach identified 202 proteins in the basement membrane of the
eye and 144 proteins in the glomerular basement membrane of the kidney, revealing the
complexity of this structural unit and its unique tissue-specific composition [8]. Both
quantitative and qualitative variations in EBM composition can lead to vascular disorders.
For example, an increased thickness of the glomerular basement membrane due to an aug-
mented production of specific basement membrane components is suggested to be a pos-
sible biomarker for prediabetes [9].

Collagen type IV and laminin, which exist in different variations, self-assemble into
independent sheet-like networks and confer primarily structural support to EC. The re-
maining main components-heparin sulfate proteoglycans and nidogens—connect the two
networks of collagen type IV and laminin with each other [10].

Collagen type IV is nonfibrillar collagen composed of six a chains that assemble into
triple helices. Of the three main types of collagen type IV, the most ubiquitous version is
the alala? trimer [11]. Whereas collagen type IV is mainly responsible for the EBM’s
structural integrity and, to a lesser extent, for cell adhesion and migration, laminins are
the predominant biologically active components. Vascular EC expresses mainly laminin
411 and 511 (isotypes 8 and 10), which are composed of laminin a4 or a5 chains that as-
semble with 1 and y1 into complete heterotrimers. The a chain expression depends on
the vascular bed, developmental state of the vessel, and the activation state of EC. Lam-
inins bind a number of growth factors such as vascular endothelial growth factor (VEGF),
fibroblast growth factor (FGF), and epidermal growth factor (EGF) through several differ-
ent partners such as heparin-binding domains, hyaluronic acid, chondroitin sulfate, and
heparan sulfate. Moreover, they are involved in cell survival, migration, proliferation, and
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differentiation [10]. Recently, it was shown that loss of laminin 511 is associated with re-
duced cortical stiffness, smaller focal adhesions, and reduced association with actin-my-
osin IT under flow. Thus, laminin 511 is essential for the shear stress response [12]. More-
over, laminin 511 was shown to contribute to endothelial junctional tightness and thus to
the restriction of leucocyte transmigration [13]. Chemical modification of murine laminin
111 by hypochlorous acid or peroxynitrous acid, two potent oxidizing and chlorinating
agents formed at sites of inflammation in vivo, leads to compromised cell-matrix interac-
tions, which may, in turn, contribute to EC dysfunction and progression of atherosclerosis
[14,15].

Incorporated proteoglycans and associated glycosaminoglycans confer a particularly
strong negative charge to the EBM, leading to matrix hydration. Moreover, charge, in ad-
dition to size, strongly determines molecule transport across the EBM [16]. Perlecan is
composed of a highly conserved core protein that consists of five different domains and
binds to three pearl-like strings of glycosaminoglycans, particularly to heparan sulfate,
forming the heparan sulfate proteoglycan. It is synthesized by EC and SMC, cross-links
basement membrane components, and contributes to the endothelial barrier function.
Moreover, it controls vascular hemostasis by limiting SMC proliferation and stimulating
EC growth during regeneration [17]. In terms of angiogenesis, it plays a dual role as it has
a pro-angiogenic N-terminal domain and an anti-angiogenic C-terminal domain. The pro-
angiogenic domain functions as a reservoir for growth factors like FGF-2 and ensures their
correct three-dimensional presentation to their respective receptors for the initiation of
vessel sprouting. In contrast, the anti-angiogenic action, which is mediated by a2[31 integ-
rin, VEGF receptor 2, and endorepellin, leads to the disassembly of cytoskeletal actin fila-
ments and the termination of cell migration and angiogenesis [18].

Agrin is another type of heparan sulfate proteoglycan and is mainly located in blood
vessels in the brain. It stabilizes adherence junctions mediated by vascular endothelial
(VE)-cadherin, [3-catenin, and zonula occludens-1(ZO-1) necessary for the formation of a
particularly tight blood-brain-barrier [19]. However, other data showed that agrin promoted
monolayer formation of brain-derived microvascular EC, which lacked proper barrier func-
tion as evidenced by a low transendothelial electrical resistance in vitro [20].

Nidogen, also known as entactin, occurs in two different types (nidogen-1 and 2 resp.
entactin-1 and 2), consists of three domains, and forms a tight complex with the y1 chain
of laminin. Nidogen-1 is present in nearly all basement membranes, but nidogen-2 occurs
predominantly in vascular tissues [21]. Nidogen separately binds collagen type IV, lam-
inin, and perlecan and thus initiates the assembly of a ternary complex of these molecules.
Moreover, it mediates cell attachment through its RGD sequence and tethers growth fac-
tors, particularly FGF-8 [22].

Aside from growth factors, the EBM sequesters also a variety of proteolytic enzymes,
in either soluble or solid states, for remodeling processes. The most prominent proteases
are zinc-dependent matrix metalloproteases (MMPs), a protein family of 28 different
members in humans, whereas 14 members occur in the vascular system [23]. Especially
MMP-2 and MMP-9 were shown to degrade EBM components under both physiological
conditions and during cancer progression [24]. Generally, the degradation process is am-
plified by the resulting matrix degradation products, which further modulate the remod-
eling process in a manner of a positive feedback loop [10]. Apart from MMPs, other pro-
teases like disintegrin and metalloprotease with thrombospondin motifs (ADAMTS) play
a significant role in basement membrane remodeling, mainly in the context of angiogene-
sis [25].

EC synthesize most of the components of the EBM. However, vascular SMC are also
involved in the secretion of specific EBM components, such as laminin 211 [26] and per-
lecan [27].

The chemical composition alone is insufficient for conducting EBM-associated functions.

In fact, biophysical parameters such as elasticity, topography, fiber orientation, and
anisotropy are equally important to mediate biological actions such as the regulation of
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mechanotransduction processes [28]. Elasticity results from the composition of the EBM
and affects the integrity of the EC monolayer and its associated functions. In principle, a
higher basement membrane viscoelasticity leads to increased EC spreading, focal adhe-
sion formation, traction force generation, EC contractility, and disruption of cell-cell junc-
tions [28]. In diabetic mice, stiffening of the basement membrane promotes high glucose-
induced retinal endothelial activation [29]. EBM topography, comprising fiber alignment,
pore characteristics, and anisotropy, determine EC behavior. For example, substrates with
defined grooves and microchannels affect EC alignment, proliferation, and migration [28].
Furthermore, surface patterning and physicochemical variation of silk films synergisti-
cally stimulated EC proliferation and differentiation of contractile SMC [30].
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Figure 2. Structure of the endothelial basement membrane (EBM). The EBM (yellow layer) is located
underneath the endothelial cell monolayer. The four major components are collagen type IV, lam-
inin, perlecan, and nidogen. These molecules are connected to endothelial cells via adaptor proteins
such as integrins and dystroglycans. Moreover, the EBM consists of proteoglycans and glycosa-
minoglycans, which act as binding partners for numerous growth factors. Proteases such as matrix

metalloproteinases (MMPs) are also embedded in the EBM.

2.2. EBM Functions

In concordance with the heterogeneous structure and composition of the EBM, its
functions are similarly diverse. Primarily, the EBM facilitates the firm attachment of EC
via integrin-containing focal adhesions and other mediators (for details, see Section 2.3),
a prerequisite for the formation of a tight endothelial monolayer with a barrier function.
In addition, by virtue of its biochemical composition as well as elastic properties, it pro-
motes and maintains the mature differentiation status of quiescent EC. For example, lam-
inin a5, which is absent in developing EC but present in mature EC, contributes to EC
maturation [31]. Moreover, in vitro studies have shown that laminin 411 and laminin 211
drive endothelial differentiation from human pluripotent stem cells [32,33], and matrix
stiffness strongly affects EC differentiation; whereas soft substrates promote endothelial
differentiation, stiff substrates induce smooth muscle cell differentiation [34]. Apart from
integrins, syndecans and dystroglycans also play a role in anchoring EC to the EBM. The
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syndecan family comprises four members (Syndecan-1, -2, -3, and -4), with EC mainly
expressing syndecan-2 and -4. Syndecan-4 was recently shown to link cell-matrix- and
cell-cell adhesion. Fibroblasts lacking syndecan-4 produce cell-cell contacts through dif-
ferent cadherins compared to syndecan-4 expressing cells. These are less potent in exert-
ing tension on the ECM, which in turn might lead to reduced cell-cell adhesion [35]. An-
other study showed a decoupling of vinculin from actin filaments in EC with a reduced
expression of syndecan-4. Moreover, syndecan-4-silenced EC exhibited a reorganized ac-
tin filament with filopodial protrusions, an altered cell cycle, proliferative potential, and
a reduced ability to form tube-like structures [36].

Dystroglycans are the core components of the dystrophin-associated glycoprotein
complex, consisting of an « subunit and a 3 subunit. This complex is present in muscle
cells, astrocytes, and EC. Although dystroglycans can interact with different binding part-
ners such as laminin, perlecan, and agrin, laminin is the primary binding ligand. The pres-
ence of dystroglycans in EC is clearly associated with angiogenesis [37]. Deletion of dys-
troglycan leads to impaired retinal arteriogenesis associated with a reduced expression of
delta-like ligand-4, implicating that Notch signaling is involved in this process [38]. Gal-
vagni et al. showed that EC interaction with laminin leads to phosphorylation of dystro-
glycan, which activates the tyrosine-protein kinase Src. This enzyme phosphorylates
CD93, a pro-angiogenic transmembrane glycoprotein expressed in EC. This activates the
signaling protein Cbl and induces a pathway that leads to EC adhesion, migration, and
capillary formation [39].

The firm attachment of EC to the EBM is essential for the formation of an EC mono-
layer, which in turn enables an undisturbed blood flow and the prevention of platelet
adhesion. This process is also regulated by biophysical parameters such as elasticity and
topography, which change in response to shear stress and cyclic stretch. Application of
strain, for example, leads to the alignment and densification of collagen fibers, which af-
fect EC functions such as the regulation of hemostasis in a complex and highly regulated
manner [28].

Another fundamental function of the EBM is the maintenance of a restrictive barrier
and the selective filtration of cells, nutrients, growth factors, proteins, hormones, and
other molecules from the bloodstream into the connective tissue [40]. Conversely, it is also
essential for deporting waste products away from tissues. The underlying mechanisms
for the highly selective molecule transport across the EBM are diverse and still not fully
understood. It has been a long-held assumption that the transport of molecules across the
EBM is mainly size and charge-dependent. Pioneering work by Lieleg et al. has revealed
that uncharged molecules are trapped in the matrix, whereas charged particles can pass
the electrostatic bandpass filter [41]. However, evidence increases that charge selectivity,
especially in the kidney, is nonexistent, suggesting that either other modes of action reg-
ulate filter properties or that the regulation is tissue-specific [42]. The EBM’s filter capacity
is essential for the maintenance of the blood-brain-barrier protecting the brain from harm-
ful molecules. Lack of the astrocyte-derived laminin a2 chain leads to congenital muscular
dystrophy and early death in mice. Likewise, depletion of the y1 chain results in weak-
ened vascular integrity and hence increased permeability of the blood-brain-barrier.
Complete collagen type IV knockout mice are embryonically lethal but also partial knock-
out of the collagen type IV al chain resulted in mice suffering from brain bleeding resem-
bling the pathology of small vessel disease [7].

Apart from molecules, the EBM controls the transmigration of leucocytes at events
of inflammation. These sites contain less laminin 411, laminin 511, collagen type IV, and
nidogen [43]. Moreover, Song et al. found that laminin 511 affects leucocyte extravasation
not only directly but also indirectly by modulating the expression of junctional proteins.
In particular, laminin 511 activates RhoA signaling through binding to 1 and (33 integ-
rins, resulting in the formation of tight VE-cadherin-mediated junctions between EC. At
the same time, the membrane protein CD99L2, which impairs cell-cell interactions, is
downregulated by integrin 1 binding, however, not through RhoA signaling [13].
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The EBM is also storage of various growth factors and proenzymes and thus a sig-
naling platform for repair, the formation of a provisional tissue, and regeneration, restor-
ing damaged tissue to its normal state. Though repair is thought to be the initial step prior
to regeneration, distinguishing the two processes is difficult. Both are regulated by growth
factors bound by the EBM. Laminin, for example, can bind numerous growth factors via
heparin-binding domains. Incorporating such heparin-binding domains in fibrin matrices
improved the retention of VEGF-A165 and platelet-derived growth factor-BB (PDGF-BB)
and promoted wound healing in diabetic mice [44]. Besides growth factors, MMPs, which
are embedded in the EBM under physiological conditions, play a central role in repair and
regeneration. Upon trauma or inflammatory cues, MMPs become activated and degrade
their surrounding matrix. The resulting matrix fragments, also called matrikines, initiate
further ECM remodeling. This can lead to the activation of immune cells and manipula-
tion of fibroblasts and EC to further stimulate matrix remodeling. In addition, matricellu-
lar proteins such as CCN, thrombospondin-1 (TSP-1), or tenascin-C, which are not directly
involved in the structural formation of the ECM, serve to tune matrix remodeling in a very
specific manner. For example, TSP-1 inhibits angiogenesis by binding to the surface anti-
gen CD36 on activated EC, whereas CCN2 mediates cell migration, proliferation, EBM
formation, and vessel stabilization through pericyte recruitment [10].

Finally, the EBM contributes significantly to angiogenesis, either through its struc-
tural components and mechanical properties or the embedded growth factors. The role of
EBM-derived products in angiogenesis was recently covered in excellent reviews by
Arnaoutova et al., Pozzi and Zent, as well as Davis and Senger [45-47]. To only highlight
a few examples, the y1 chain of laminin 111 has clearly pro-angiogenic features, whereas
the C-terminal domain of the a1 chain of collagen type IV inhibits angiogenesis. Likewise,
the a3 chain of collagen type IV prevents FGF-driven vessel sprouting. In contrast, per-
lecan has both pro and anti-angiogenic properties.

Taken together, the EBM acts towards both the luminal and the abluminal side and
evokes a plethora of biological responses (Figure 3). The precise mechanisms of interac-
tions of the EBM at these interfaces are described in the following two sections.
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Figure 3. Functions of the endothelial basement membrane (EBM). The EBM confers structural sup-
port to endothelial cells (EC) through integrins, dystroglycans, and syndecans. In this context, it
indirectly controls hemostasis through EC and thus allows an undisturbed blood flow preventing
platelet adhesion. It also functions as a selective barrier for molecules, cells, and waste products. In
particular, the migration of leucocytes at events of inflammation is controlled by the EBM. Moreo-
ver, the EBM can be considered a depot for numerous growth factors and proenzymes, which are
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released to induce tissue repair and regeneration. Ultimately, the EBM is a crucial regulator of an-
giogenesis.

2.3. EBM Interactions with the Luminal Side

One of the main functions of the EBM is that of an adhesive substrate for cells. These
cell-matrix interactions are predominantly formed by integrin-mediated focal adhesions.
Integrins belong to a transmembrane protein family comprising 18 isotypes of a-chains
and eight different (3-chains. Assembly of one a-chain and one [3-chain into heterodimers
forms an integrin molecule that, depending on its isotype, binds to different extracellular
matrix proteins. EC specifically express integrins binding to collagen («1{31), laminin
(a3B1, a6p1, a6B4), collagen and laminin (a231), fibronectin (o431 and a5p1), and vitron-
ectin (av33 and avf35) [6]. Integrins mediate their cellular responses via their association
with numerous actin-binding proteins such as talin, vinculin, a-actinin, paxillin, zyxin,
tensin, and filamin. These interaction partners initiate biological responses via different
signaling pathways, including those specified by Akt, ERK, JNK, RhoA, Racl, and Cdc42.
Every pathway influences either cell survival, adhesion, migration, proliferation, differ-
entiation, or polarity. These cellular responses are not only dependent on the type of in-
tegrin but also on their location and abundance [6]. In addition, there is increasing evi-
dence that cell-matrix interactions also affect cell-cell interactions, suggesting a functional
relationship to the barrier function of the endothelium. Since a permeable barrier is asso-
ciated with the progression and complication of numerous chronic inflammatory diseases,
understanding how cell-matrix adhesion influences cell—cell junctions might lead to new
opportunities for pharmacological interventions [48].

The transport of cells and molecules from the bloodstream into the connective tissue
requires penetration of the endothelial barrier. This can be achieved by a transcellular
mechanism through vesicles or by paracellular mechanisms involving cell connecting pro-
tein complexes, such as adherens junctions and tight junctions. Endothelial adherens junc-
tions are predominantly composed of vascular endothelial cadherin (VE-cadherin). These
transmembrane proteins form calcium-dependent homotypic interactions with extracel-
lular VE-cadherin domains of neighboring cells and anchor to intracellular actin filaments
via members of the catenin family. Tight junctions consist of occludin, claudins, and junc-
tion adhesion molecules (JAMs). They are linked to zonula occludens proteins inside the
cell and further bind to the actin cytoskeleton. The extracellular domains protruding from
two adjacent cells form similar homotypic bonds such as adherens junctions. Tight junc-
tions differ from adherens junctions in their reduced resistance to mechanical stress and
increased selectivity for particles [49].

Generally, the integrin-mediated actions are bidirectionally and can be divided into
‘outside-in” and ‘inside-out’ signaling. ‘Outside-in" signaling is initiated by extracellular
matrix molecules, which bind to integrin receptors and trigger a signaling cascade inside
the cell involving the recruitment and activation of kinases such as Src and FAK. These
kinases mediate intracellular integrin clustering and the adhesion of intracellular actin-
binding proteins such as talin and kindlin to the cytosolic integrin domain, which leads to
a pronounced activation of the ligand-binding function in the extracellular space (‘inside-
out signaling’) [49]. Whereas both pathways are well known in the context of cell survival,
migration, and proliferation, their effects on EC barrier function are only beginning to be
investigated. Integrin—matrix interactions determine both the transcellular and paracellu-
lar permeability of EC. Blockage of the 31 subunit of integrin induces a dramatic transen-
dothelial flux of water and albumin [49]. Moreover, intercellular junctions are weakened
in response to changes in integrin-matrix adhesions. Pulous et al. summarized the most
recent findings in this field, focusing on VE-cadherin, the key molecule of adherens junc-
tions. Most studies suggest that integrin 33 is essential for barrier function in vivo and in
vitro. In mice, deletion of 33 resulted in increased VEGF- and lipopolysaccharide (LPS)-
induced leakage in dermal, lung, and intestinal vessels and pretreatment with av33 block-
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ing antibodies prevented hyperpermeability induced by VEGF, transforming growth fac-
tor B (TGFP) and thrombin. In cultured HUVEC treated with sphingosine-1-phosphate
(S1P), an angiogenic factor known to increase endothelial barrier function, av33 was
shown to translocate to sites of cell-cell contacts and cortical actin [50] (Figure 4 (1)). This
phenomenon of integrin localization to sites of cell-cell-junctions was also observed for
pl-integrin by Pulous et al., but the significance of this finding remains unclear [51]. In
contrast to these studies indicating that 33-integrin promotes barrier function, there is also
evidence that activation of B3-integrin by cyclic arginine-glycine-aspartate (cRGD) pep-
tides enhances permeability, most likely by phosphorylation and subsequent internaliza-
tion of VE-cadherin [52] (Figure 4 (2)). While av5 integrin also seems to affect EC barrier
function, it does so opposite to av3. This became obvious from experiments where anti-
body-mediated blockage of avf35 attenuated LPS-induced endothelial permeability in
vitro and from av5 knockouts in mice, which exhibited increased survival compared to
wildtype controls. It was hypothesized that av[35 integrin stimulation leads to cytoskeletal
contraction resulting in destabilized cell-cell junctions and thus in increased permeability (Fig-
ure 4 (3)).

Next to f3-integrin, studies indicate an important role of 1-integrin for monolayer
integrity. Deletion of this integrin in mice evoked VE-cadherin internalization due to the
reduced activity of Rapl/MRCK and Rho/Rho-kinase activity, which normally promote
VE-cadherin transport to cell-cell contacts [53] (Figure 4 (4)). Song et al. showed that lam-
inin 511 adhesion to both $1- and (33-integrins mediates RhoA-induced VE-cadherin lo-
calization to cell-cell borders and thus increases junctional tightness and prevents leuco-
cyte transmigration [13] (Figure 4 (5)). However, another study showed that antibody-
mediated blockage of B1-integrin decreased LPS-induced vascular leakage in mice suffer-
ing from endotoxemia. Moreover, in endothelial monolayers, f1-inhibiting antibodies re-
duced monolayer permeability. Mechanistically, inflammatory agents induced -integrin
translocation to tensin-1, building fibrillar adhesions instead of focal adhesions via talin.
Fibrillar adhesions, in turn, induced endothelial contractility and destabilized the endo-
thelial monolayer [54] (Figure 4 (6)). Thus, it is suggested that 31-integrin plays a dual role
in quiescent and pathological states.

Pathological shear stress also affects endothelial barrier function. For example, integ-
rin-dependent activation of p21-activated kinase (PAK) by pathological shear stress in-
creases endothelial permeability. This process is associated with the interaction of PAK
and the adaptor protein Nck leading to paracellular pore formation and thus to vascular
leakage. It remains unclear, though, which particular integrin was stimulated in this study
[55] (Figure 4 (7)).

Apart from adherens junctions, Izawa et al. showed that 31-integrin-mediated cell-
collagen type IV interference by an anti-B1-antibody induces actin fiber remodeling and
phosphorylation of myosin light chain (MLC), mediating the reorganization of tight junc-
tion-associated proteins such as claudin-5, occludin, and ZO-1 at EC borders. Vice versa,
binding of collagen type IV to pl-integrins leads to proper actin filament organization,
non-phosphorylation of MLC, and the correct assembly of tight junctional proteins (Fig-
ure 4 (8)). Thus, the Bl-integrin-mediated cell-matrix interaction ensures a tight endothe-
lial barrier [56].
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Figure 4. The functional relationship of integrin-mediated cell-matrix and cell-cell interactions. The interactions between
the endothelial basement membrane and endothelial cells through different integrins determine the permeability of the
endothelial cell monolayer. Here, eight pathways are described; one half are leading to increased permeability and one
half to increased barrier function. Integrin avp3 can lead to both pathways depending on the stimulus. Whereas sphingo-
sine-1-phosphate (S1P) induces integrin translocation to sites of cell-cell contacts and increases barrier function (1), cyclic
arginine-glycine-aspartate (cRGD) activates Src kinase, which phosphorylates VE-cadherin resulting in its internalization
and increased permeability (2). Integrin avf35 is activated by lipopolysaccharide (LPS), which induces cytoskeletal con-
tractions leading to destabilized cell-cell junctions and thus to increased permeability (3). The integrin subunit f1 can
induce both increased permeability and barrier function. Genetic deletion studies have shown that 31 activates
Rap1/MRCK and Rho/Rho-kinase, which promote VE-cadherin transport to cell-cell contacts and increase barrier function
(4). Similarly, activation of both $1 and {33 stimulates RhoA-induced VE-cadherin localization to cell-cell borders (5). In
contrast, 31, when stimulated by inflammatory agents such as LPS, can contribute to the generation of tensin-1 building
fibrillary adhesions, which induce endothelial contractility and destabilize cell-cell junctions (6). Pathological shear stress
also affects integrin-mediated cell-matrix interactions, whereas the particular subunits remain to be identified. Turbulent
shear stress can activate p21-activated kinase (PAK) and its adaptor protein (Nck), resulting in paracellular pore formation
and thus increased permeability (7). Finally, 1 can also mediate barrier function via tight junctions. Deletion experiments
proved that $1 influences the actin reorganization and phosphorylation of the myosin light chain (MLC), which induces
redistribution of the tight junctional proteins claudin-5, occludin, and zonula occludens-1 (ZO-1), resulting in increased
barrier function (8).
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In large vessels, the EBM borders to the internal elastic lamina that separates the EBM
from the tunica media rich in SMC.

The functionality of EC and SMC strongly relies on the communication of these two
cell types. This takes place at specialized cellular extensions, which can originate mainly
from EC but also from SMC and protrude the EBM and the internal elastic lamina through
tiny holes towards the opposing cell. These myoendothelial junctions (ME]), which were
discovered more than 60 years ago [57], are signaling microdomains that exhibit a flat or
club-shaped phenotype with a width of 0.5 um and a depth of 0.5 pum [58]. Cell commu-
nication at ME] is achieved either by soluble molecules diffusing between the tunica in-
tima and tunica media or by direct cell-cell contact. The best-described example for EC-
SMC interactions via soluble factors is the regulation of vessel tone. Derived from EC,
nitric oxide (NO), prostacyclin (PGIL2), and other hyperpolarizing agents diffuse to SMC
and cause vasorelaxation (Figure 5 (1)). Resulting in an opposite physiological effect, EC-
derived endothelin and angiotensin II can induce vasoconstriction by SMC [59]. Apart
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from that, soluble molecules secreted by EC or SMC regulate a high number of other cell
responses during development and angiogenesis. A key molecule released by EC is
PDGEFf, which binds to the PDGFp receptor (PDGFRp) located on SMC and triggers the
recruitment of SMC towards developing blood vessels along a concentration gradient.
Similarly, EC-released sphingosine-1-phosphate (S1P) is vital for SMC recruitment
through G-protein-coupled receptors. SMC secrete angiopoietin-1, a growth factor that
binds to the Tie-2 receptor present on EC, stimulating vessel assembly, stability, and cell
survival. TGFp is another growth factor playing a role in EC-SMC interactions, however,
in a much more complex manner than the molecules described before. Ultimately, TGFf3
determines SMC differentiation, and alterations in the TGFp signaling pathways are as-
sociated with vascular pathogenesis [60]. Only recently, McCallinhart and colleagues
showed for the first time that MEJ of mature coronary vessels express numerous types of
notch signaling proteins such as Jagged1, Notchl, Notch2, and Notch3, both in vitro and
in mice [61]. Since these proteins are well known for their contribution to vasculogenesis,
this study reveals that EC-SMC crosstalk via ME] is essential for blood vessel sprouting
(Figure 5 (2)).

Contact-dependent signaling between EC and SMC is predominantly mediated by
myoendothelial gap junctions (MEG]) located at ME], which connect the two cell types.
Vasculature-specific gap junctions are composed of four connexins (Cx37, Cx40, Cx43, and
Cx45), with all but Cx45 found in MEG]. Although these contact sites between EC and
SMC are known for a long time, many open questions regarding their occurrence in dif-
ferent vascular beds and their functionality remain. Some of the reasons are technical hur-
dles related to the cell preparation methods necessary to obtain transmission electron mi-
croscopic images and the lack of a suitable gap junction inhibitor to conduct functionality
studies [62]. The primary function of MEG] is electrical signaling and the transport of sec-
ond messengers to regulate vessel tone in the adjacent cell. For example, the influx of in-
ositol triphosphate (IP3) from SMC into EC increases intraendothelial calcium levels and
activates vasodilatory signaling via nitric oxide and endothelium-derived hyperpolariz-
ing factors (EDHF, Figure 5 (3)). Vice versa, EC can cause SMC hyperpolarization and
closure of calcium-dependent voltage channels by EDHF through three different mecha-
nisms leading to vasodilation in small resistance arteries [58]. Regarding the role of spe-
cific connexins, Pogoda and Kameritsch found that vasorelaxation is dependent on the
connexin composition and post-translational modifications of connexins [63]. Another
study showed that MEG] composed of Cx43 mediates the regulation of angiopoietin-2,
which induces vascular hyporeactivity in patients after shock or hypoxia, a state defined
as a poor response of vessels to vasoactive substances associated with a high risk for mor-
tality [64].

Apart from gap junctions, the caveolae, which are omega-shaped invaginations in
the plasma membrane of many cell types, are found in high density at ME]. These lipid-
rich structures most likely orchestrate numerous signaling proteins such as IP3-Receptor,
Cx43, Na+-K+-ATPase, small conductance calcium-activated potassium channels, transi-
ent receptor potential cation channel of subfamily V member 4, and endothelial nitric ox-
ide synthase (eNOS), all in close proximity to facilitate their interaction. For example,
eNOS is bound to caveolae by caveolin-1, and thus, after conversion of L-arginin into NO,
NO is close to its receptor, soluble guanylyl cyclase (sGC), on SMC where it induces vas-
orelaxation (Figure 5 (4) [58,65].

Taken together, endothelial crosstalk to SMC, which is essential for all vascular func-
tions, requires the penetration of the EBM. With regard to implant materials, numerous
strategies were pursued to mimic the EBM in an attempt to improve implant functionality.
A selection of these strategies is critically discussed in the following section to reveal their
potentials and limitations.
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Figure 5. The role of the endothelial basement membrane (EBM) in the interaction of endothelial
cells (EC) with vascular smooth muscle cells (SMC). The EBM separates EC from SMC in large ves-
sels. Communication between EC and SMC takes place at myoendothelial junctions through differ-
ent mechanisms. First, gases like nitric oxide (NO) and small molecules like prostacyclin (PGIz) and
endothelium-derived hyperpolarizing factor (EDHF) pass the EBM by diffusion. Second, cell mem-
brane-bound ligands (e.g., Jagged) can bind to their respective receptor in the opposing cell (e.g.,
Notch receptor) to induce a biological response. Third, contact-dependent myoendothelial gap junc-
tions (MEG]) allow the transport of specific molecules such as inositol trisphosphate (IP3). As a
result, the intracellular calcium concentration in EC increases and enhances the diffusion of NO,
PG, and EDHF into SMC, causing vasorelaxation. Fourth, caveolae arrange certain molecules (e.g.,
endothelial nitric oxide synthase (eNOS)) and its products (e.g., nitric oxide (NO)) in close proximity
to its receptor soluble guanylyl cyclase (sGC) to facilitate their interaction.

3. Strategies to Generate or Mimic Endothelial Basement Membranes
3.1. Decellularization of Natural Blood Vessels

Owing to the complex architecture of the EBM, it is preferred to make use of natural
EBMs. Decellularization of human and animal-derived tissues became an established ap-
proach to obtain mechanically stable matrices consisting of natural ECM components and
lacking potentially immunogenic cells. For the fabrication of vascular grafts, a number of
different arteries (e.g., umbilical cord, femoral, pulmonary, and internal mammary artery)
and veins (e.g., umbilical cord, saphenous, and femoral vein) have been decellularized
[66]. To this end, different protocols based on physical, chemical, and enzymatic means
were compared with regard to their efficiency in cell removal and integrity of ECM com-
ponents, as well as mechanical stability of the resulting matrix [67]. For example, decellu-
larization protocols involving increased volumes of detergents and longer incubation
times reduced matrix immunogenicity of decellularized equine carotid arteries while
burst pressure and suture retention strength remained unaffected [68]. Numerous preclin-
ical studies in animals were performed using pure decellularized grafts or grafts treated
with biomolecules such as heparin, growth factors, granulocyte-colony stimulating factor,

brain-derived neurotrophic factor, or the matricellular protein CCN1, among others to
improve neoendothelialization [69].
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Despite promising preclinical assessment, only a few decellularized products ulti-
mately entered clinical studies [66]. Among them, decellularized human pulmonary ar-
teries were tested as a patch for cardiac reconstructions (MatrACELL®, LifeNet Health,
Inc., Virginia Beach, VA, USA). Although many serious adverse events or graft failures
were registered, none of these events was device-related. Decellularized human cadaver
veins were also tested in hemodialysis patients (SynerGraft®, CryolLife Inc., Kennesaw,
GA, USA). These grafts did not trigger alloantibody formation in the first three months of
the study compared to the control group, indicating reduced immunogenicity of the de-
cellularized grafts. However, immunogenic responses occurred at later time points, re-
vealing the need for further improvements [70]. The combination of biomolecules and
growth factors might prevent immune reactions while, at the same time, improve cellular
infiltration and vascular wall remodeling. However, such approaches are, for example,
associated with the risk of unspecific attraction of platelets and the formation of thrombi.
A better solution might come from gene-edited pigs, which lack molecules naturally pre-
sent in cells from most mammals but are absent in humans and thus provoke graft rejec-
tion. Such molecules are, for example, the cell surface carbohydrate a-1,3-galactosyl-ga-
lactose (alpha-Gal) and sialic acid N-glycolylneuraminic acid (Neu5Gc) as the terminal
part of cell membrane-bound glycans. Since the discovery of the CRISPR/Cas technology,
which allows gene manipulation with higher precision compared to conventional meth-
ods, progress in this field is advancing rapidly. Fischer et al. engineered pigs with a ho-
mogenous knockout of the genes encoding alpha-Gal and Neu5Gec. In addition, three com-
plement inhibitors and two anti-apoptotic and anti-inflammatory genes were overex-
pressed to prevent endothelial activation and to further reduce the risk of acute vascular
rejection. Cells from these transgenic pigs were protected against human complement-
mediated cell lysis, and endothelial activation was blocked [71].

3.2. Bioinstructive Implant Surfaces for Endothelial Basement Membrane Formation In Vivo

The use of EC for the generation of an EBM is another plausible strategy bypassing
the need to construct such a complex structural unit in vitro. For this purpose, implant
surfaces are functionalized with biomolecules to promote EC migration from surrounding
vessels and subsequent EBM formation (Figure 6).

One approach to attract EC is precoating implants with ECM molecules or peptides
to facilitate EC adhesion. Here, the biggest challenge is to prevent the adhesion of plate-
lets, which exhibit an affinity to proteins similar to that of EC. In terms of stent surface
modification, a nanocoating of stromal cell-derived factor-la and laminin inhibited plate-
let adhesion and activation while endothelialization was enhanced. In vivo, thrombus for-
mation and neointimal hyperplasia were prevented, suggesting that such ECM-inspired
modifications improve stent functionality and longevity [72]. Also, collagen and laminin,
constituting integral components of the EBM, were widely used as coating substances.
Both proteins increased endothelialization, however, with a reduced potency compared
to peptides [73]. The effects of peptide coatings were recently reviewed by Radke et al.
[74]. The Arg-Gly-Asp (RGD) peptide, present in fibronectin and responsible for strong
cell adhesion, is very efficient in promoting EC adhesion and their migration in vascular
grafts [75]. Moreover, the combination of RGD with peptides occurring in the laminin
chain, such as YIGSR, significantly enhances EC proliferation [76]. GFPGER, a protein se-
quence occurring in collagen type I, increases endothelialization more efficiently than col-
lagen and laminin and even reduces platelet adhesion in an ex vivo arteriovenous shunt
model under antiplatelet therapy [73]. From a biomimetic point of view, the use of mussel-
inspired proteins such as polydopamine is of interest. In mussels, dopamine enables their
firm adhesion to stone under water in the presence of wave shear. Thus, the polydopa-
mine coating has often been used as a linker to enhance peptide adhesion to a substrate.
Immobilization of serum albumin and a peptide aptamer for endothelial progenitor cells
(EPC) via polydopamine significantly improved EPC adhesion and simultaneously re-
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duced platelet adhesion and fibrinogen adsorption in vitro [77]. Likewise, ePTFE func-
tionalized with polydopamine and coupled to an NO catalyst and VEGF increased NO
production, promoted EC proliferation, and prevented platelet adhesion [78]. Coimmobi-
lization of the antithrombotic peptide ACH11 and Cys-Ala-Gly (CAQG), a tripeptide pre-
sent in collagen type IV of the EBM, was shown to have a selective affinity for EC but not
for SMC, thus reducing the risk for vessel narrowing due to excessive SMC proliferation
(intimal hyperplasia). Moreover, the two peptides enhanced EC adhesion, proliferation as
well as the release of NO, and they improved patency rates in vivo [79]. Moreover, high
throughput screening identified a cyclic integrin ligand named LXW?7, which contains
four unnatural D-amino acids rendering it more proteolytically stable than purely natural
peptides. This ligand improved EPC attachment, proliferation, and differentiation in vitro
and resulted in an extremely high patency rate of 83% after six weeks from implantation
in rat carotid arteries compared to 17% patency in control animals [80].

Another strategy involves the attachment of EC-attracting growth factors, mainly
VEGE, to the implant surface. VEGF immobilized to polyurethane (PU) via polyethylene
glycol as a spacer molecule selectively induced EC adhesion and proliferation without
affecting platelet adhesion [81]. Likewise, PEG-coated cerium oxide nanoparticles, which
have the potential to inhibit oxidative stress-induced EC apoptosis, and free VEGF em-
bedded in polyurethane scaffolds, facilitated endothelialization [82]. A similar approach
is based on the linkage of plasmids encoding growth factors leading to cell transfection
and increased local expression of the respective protein. For example, plasmids encoding
hepatocyte growth factor (HGF) immobilized on a substrate using polydopamine resulted
in the transfection of both EC and SMC. This induced an increased proliferation of EC but
not of SMC in vitro, which suggests that HGF is a potential promotor of endothelializa-
tion, which also prevents intimal hyperplasia [83]. Moreover, stents coated with VEGF-
expressing plasmids resulted in increased local VEGF concentrations in rabbit aortas,
most likely due to transfection of EC as shown in vitro, and improved endothelialization,
whereas stent stenosis was inhibited [84]. In this context, aptamers, which are short single-
strand nucleic acids fragments or aptamer—peptide complexes, were also studied regard-
ing their potential to recruit EC. Recently, Schulz et al. showed that poly(ether imide) films
functionalized with an aptamer-cRGD peptide improved the initial adherence and shear
resistance of EC compared to unmodified films in vitro [85]. Another study investigated
stents coated with heparin and aptamers regarding their potential to capture EPC and
found that this modification effectively trapped arrested cells under dynamic conditions
and regulated their distribution [86].

A promising technique uses capture antibodies to catch EC and EPC from the blood-
stream to hold them in place. The most frequently studied antibodies are directed against
specific markers of EPC (e.g., CD34 and CD133) and fully differentiated EC (e.g., CD31
and VEGFR?2). For example, coating of stents with VEGFR2 antibody fragments enhanced
endothelialization in vitro and in vivo, as shown by increased EC adhesion and the for-
mation of an endothelial monolayer (neointima) after 30 days in porcine coronary arteries
[87]. Moreover, surface coating of ePTFE with ECM and monoclonal anti-CD34 antibodies
significantly increased EC adhesion and decreased platelet attachment [88].

Despite some promising progress in this field, none of the described methods has
successfully passed clinical trials. The use of peptides is sometimes associated with their
detachment from the implant surface due to their small molecular weight, which makes
them useless for cell capturing. CD34 specific antibodies can evoke intimal hyperplasia at
the vessel-implant-interface and adhesion of platelets and proteins, which displays a high
risk for thrombosis. Moreover, the long-term patency of antibody-coated implants re-
mains to be determined. Finally, the manufacturing of antibodies is expensive, which fur-
ther compromises their commercial application [74]. Because of these limitations, research
has shifted back to in vitro studies with a particular focus on tissue-engineered and bi-
oprinted EBMs.
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Figure 6. In vivo approaches for recruiting endothelial cells (EC) to implant surfaces. Human- or
animal-derived decellularized natural blood vessels or synthetic cardiovascular grafts are used as
replacements with or without further modification. Different strategies exist to biofunctionalize im-
plant surfaces in order to promote endothelialization in vivo. The most frequently pursued ap-
proach to attract EC is immobilizing proteins or peptides, with or without linker molecules, to im-
plant materials. Another possibility is to coat materials with growth factors such as vascular endo-
thelial growth factor (VEGF), fibroblast growth factor (FGF), or hepatocyte growth factor (HGF) to
promote EC adhesion. In a similar approach, plasmids encoding growth factors are attached to im-
plant materials to induce increased local concentrations of these factors after cell transfection lead-
ing to enhanced endothelialization. Moreover, aptamers, either alone or in combination with ap-
tamer-bound peptides or surface-bound molecules, are studied for their potential to promote EC
adhesion. Functionalization of implant surfaces with antibodies is another approach to specifically
capture endothelial progenitor cells and mature EC from the bloodstream.

3.3. Tissue-Engineered Endothelial Basement Membranes

Based on the hypothesis that artificial scaffolds interfere with the natural organiza-
tion of cells and prevent physiological tissue formation, scaffold-free methods became a
key research topic. Pioneering work was conducted by L’'Heureux et al. in 1998, who in-
vented the self-assembly strategy. For this, fibroblasts were cultivated in conventional cul-
ture flasks and successively rolled around a cylindrically shaped mandrel to form a tube-
like construct (Figure 7, upper part). To mimic the cell-free internal elastic lamina and the
EBM serving as a barrier for SMC migration into the lumen and as a substrate for EC, the
construct was air-dried to induce cell death. In the next step, a sheet of SMC was wrapped
around the construct to mimic the tunica media. Then, a fibroblast-containing sheet was
rolled around the SMC layers to generate the tunica adventitia. Finally, the luminal area
was seeded with EC. Maturation of these grafts in a bioreactor under dynamic conditions
increased the stability reaching burst pressures comparable to human vessels. However,
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in dogs, these implants, tested without endothelialization, failed already after only seven
days [89]. To reach clinical translation, the complex manufacturing process had to be sim-
plified, and possibly more importantly, cells of the target population, such as cells from
elderly patients suffering from cardiovascular diseases, had to be used. In subsequent
studies, patient-derived fibroblasts were successfully used as the only cell type to facilitate
the process. In addition, the maturation phase under dynamic conditions was prolonged.
Having made these modifications, self-assembled vascular grafts were used in first pre-
clinical studies (LifeLine™, Cytograft Tissue Engineering, Inc., Novato, CA, USA). Data
showed enhanced burst pressures compared to the first study, and grafts remained patent
for eight weeks in a primate model [90]. In 2007, the first clinical study using LifeLine
grafts as arteriovenous shunts in the forearm of 10 patients requiring vascular access for
hemodialysis was conducted. In this trial, air-dried patient-specific fibroblasts were used
to manufacture self-assembled grafts, and autologous EC were seeded on the luminal side
seven days prior to implantation. Of ten patients, one patient died due to reasons not as-
sociated with the vascular graft, and three grafts failed due to thrombosis, dilation, or
aneurysm. The remaining six grafts showed a promising patency rate of 78% after one
month and 60% after six months [91]. The major limitation of this type of vascular graft is
the extraordinarily long time for preparation and maturation of up to 7.5 months. Thus,
further research focused on establishing off-the-shelf vascular graft strategies and forego-
ing autologous EC. Specifically, allogeneic approaches were made to circumvent the time-
consuming process of patient-specific cell isolation and propagation prior to generating a
cell-containing graft. In 2014, the allogeneic LifeLine graft, composed of allogeneic fibro-
blast sheets were frozen at -80 °C until implantation, then thawed and implanted without
seeding of autologous EC. This approach did not evoke immunological responses while
reaching sufficient mechanical strength that was not affected by the freeze-thaw cycle
[92]. Recently, a thorough characterization of cell-assembled ECM and the effect of the
devitalization process by dehydration was performed. This study revealed the complex
composition of more than 50 different proteins and no changes in the biological architec-
ture and mechanical properties after devitalization [93]. Despite these positive results
[94,95], the extremely long production time remained an issue for future clinical use. The
latest work by L’'Heureux et al. aimed not only at overcoming this hurdle but also ex-
tended the application area of cell sheet-derived matrices from vascular grafts to other
areas such as sutures. For this, fibroblast-derived sheets were produced according to the
conventional protocol, frozen, thawed, and rehydrated prior to cutting the sheet into thin
threads that could be used as a yarn. Skin wounds of rats sutured with this yarn were
completely closed after 14 days, and histological analysis showed no signs of inflamma-
tion. As a proof of concept, a textile-like woven tubular graft was produced that withstood
higher burst pressures than internal mammary arteries and exhibited superior suture
pullout strengths over synthetic materials. Moreover, short-term implantation in the ca-
rotid artery of sheep proved implantability with low transmural permeability only and
normal blood flow [96]. Other groups were also able to successfully apply the self-assem-
bly strategy indicating the robustness of this method; however, most studies used vital
cell sheets. For example, self-assembled SMC-based grafts that were periodically exposed
to high hydrostatic pressure during repeated cell seeding resulted in grafts of high elas-
ticity important for vasoreactivity [97]. Bornstadt et al. modified the technique and used
living sheets of fibroblasts and SMC to construct a small diameter vascular graft that was
stabilized by a degradable glue during maturation in a bioreactor. The glue significantly
shortened the total production time of the graft. Histological analysis after eight weeks of
implantation in rats showed that the grafts structurally resembled native arteries [98].
Whereas L'Heureux and other researchers rely on scaffold-free approaches without
focusing on the EBM in particular, other lines of research aim at the production of biomi-
metic materials resembling specifically the EBM. This strategy is based on the hypothesis
that scaffolds serve as an orientation point for cells, thus guiding colonization, prolifera-
tion, and new tissue formation in a directed manner. Weinberg and Bell first introduced
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scaffold-based vascular tissue engineering in 1986 with tissue-engineered vascular grafts
composed of a collagen gel, bovine fibroblasts, SMC, and EC [99]. Though the mechanical
stability was poor, this attempt initiated a plethora of subsequent studies aiming to im-
prove this promising approach. Niklason and colleagues developed polyglycolide-based
tubular scaffolds that were cellularized with SMC. To reduce immunogenicity, scaffolds
were decellularized without compromising their mechanical properties. These grafts
could be stored long-term at 4 °C, and animal studies demonstrated excellent patency and
no signs of dilation, calcification, or intimal hyperplasia [100]. Thus, these grafts were con-
sidered an option for acute cases and were, until now, transplanted in 240 patients requir-
ing hemodialysis access [101]. Niklason et al. also pursued the manufacturing of vascular
grafts made of fibrin gels, a material that has numerous advantages for tissue engineering
purposes but lacks mechanical stability. Fibroblasts and SMC were suspended in fibrino-
gen gels prior to injection into tubular molds. After polymerization of fibrin, the scaffolds
were cultivated for 30 days in a bioreactor under pulsatile stretching. Engineered blood
vessels demonstrated average burst pressures over 900 mm Hg, which is much higher
than results from other groups working with fibrin [102] (Figure 7, lower part, I). For more
information on the history of bioengineered blood vessels, the reader is referred to the
latest review by Niklason and Lawson [103].

In addition to strategies using natural cell-derived EBMs, attempts to mimic the EBM
prior to cell cultivation were made. One example is the layer-by-layer technique. To mimic
the corneal EBM, ultrathin layers of collagen type IV and laminin were placed on top of a
collagen type I film. Bovine corneal EC cultured on top of these artificial EBMs formed
denser monolayers than the control and exhibited a more pronounced expression of the
tight junction protein ZO-1 and cortical F-actin filaments showing that these constructs
displayed a selective barrier preventing cell migration but allowing cell-cell communica-
tion [104]. There is evidence that the fabrication protocol can be extended to other compo-
nents of the EBM to generate tissue-specific basement membranes [105] (Figure 7, lower
part, II).

Electrospinning is a versatile method for the production of fibrous scaffolds com-
posed of natural or synthetic polymers mimicking the structure and functions of the ECM,
including the EBM. PU is a widely used polymer owing to its biocompatibility and bio-
degradability. Electrospun PU functionalized with polydopamine and coated with hepa-
rin and VEGF inhibited platelet adhesion and enhanced EC proliferation in vitro. Thus,
this type of scaffold modification is potentially promising for the development of hemo-
compatible vascular grafts [106]. Yu et al. studied the effect of fiber thickness on the en-
dothelial cell response. For this, polycaprolactone membranes with different fiber diame-
ters were electrospun and seeded with porcine EC. Fine fibers of 54 nm average diameter
approached the biofunctionality of the EBM more efficiently than thicker fibers, both with
regard to cell adhesion and proliferation. Moreover, additional coating with collagen type
IV enhanced not only cell proliferation and viability but also the elastic modulus and the
adhesion force [107]. Apart from the scaffolds composed of a single material, hybrid scaf-
folds composed of two or more materials might exhibit more positive effects due to syn-
ergy than the materials alone. In this context, hybrid scaffolds of electrospun methacry-
lated gelatin (GelMA) and poly(e-caprolactone) (PCL) were tested in different ratios to
identify the ideal composition for mechanical stability and biological features necessary
for EC function. Data showed that a ratio of 1:1 met the mechanical requirements of vas-
cular grafts and supported EC adhesion and the expression of molecules essential for the
formation of a confluent monolayer [108]. Subsequently, hybrid scaffolds are combined
with shape-memory materials able to change their shape in response to external stimuli.
This approach is of particular interest for endothelialization strategies aiming to overcome
the difficulty of seeding EC uniformly onto the luminal side of a tubular vessel construct.

In a study by Zhao et al., flat scaffolds of the shape-memory polymer poly[lactide-co-
(trimethylene carbonate)] (PLATMC), which are initially tube-shaped, were covered with
an electrospun nanofibrous membrane of poly(e-caprolactone) and methacrylated gelatin



Int. J. Mol. Sci. 2021, 22, 13120

18 of 27

and conveniently seeded with EC. These scaffolds were cultivated for 24 h at 25 °C to
allow cell attachment. Thereafter, they were cultivated at 37 °C, which induced PLATMC
to self-roll into tubular constructs. Immuno-staining showed a uniform endothelial cell
layer expressing VE-cadherin and vinculin after three days of culture, indicating proper
cell—cell and cell-matrix contacts [109]. In a similar approach, SMC were guided by tem-
perature-responsive shape-memory scaffolds to align circumferentially. The shape-
memory polymer poly[lactide-co-glycolide-co-(trimethylene carbonate)] (PLGATMC) was
used in combination with electrospun membranes of aligned fibers of poly(lactide-co-gly-
colide)/chitosan (PLGA/CS) to promote cell adhesion and proliferation. After SMC seed-
ing and attachment onto planar scaffolds at room temperature, scaffolds were placed at
37 °C to induce self-rolling. Scaffolds with a membrane of PLGA/CS of a ratio of 7:3 dis-
played best cell proliferation [110] (Figure 7, lower part, III).
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Figure 7. Tissue engineering-based strategies to mimic the endothelial basement membrane (EBM).
A scaffold-free method based on cellular self-assembly and three different scaffold-based ap-
proaches are shown. The latter comprises hydrogel casting into a mold, hydrogel polymerization,
scaffold removal and graft cellularization (I), layer-by-layer stacking of two different hydrogels and
EC cultivation on top (II), and electrospinning of either tubular grafts or fabrication of plane sheets
with shape-memory polymers, which self-roll into tube-like constructs at a specific temperature
(III).

3.4. Bioprinting Endothelial Basement Membranes

Since 1986, when Charles W. Hull set the stage for 3D printing by describing the step-
wise solidification of a photopolymer by UV light, a method he called stereolithography
[111] (Figure 8A), the progress in this technology is advancing rapidly, and a myriad of
studies was undertaken aiming at the fabrication of whole tissues and organs.

Compared with the approaches mentioned above for EBM reconstruction, bioprint-
ing enables precise control over the composition, spatial distribution, and architectural
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complexity of printed specimens. Moreover, bioactive substances such as growth factors
can be accurately embedded to better guide tissue regeneration. Beyond that, the com-
puter-driven automated process facilitates high reproducibility. Nevertheless, the print-
ing of the complex hierarchical structure of a vascular tree, including vessels of varying
diameters (arterioles, capillaries, venules), remains a substantial challenge. To accomplish
this goal, both direct and indirect printing approaches have been pursued. While direct
printing means that bioinks are directly deposited on a substrate, indirect printing takes
advantage of temporary support materials. These so-called sacrificial/fugitive materials
are printed in cell-laden matrices in the desired structure and removed shortly after that
by temperature change or solvents leaving, for example, hollow capillary-like channels in
the matrix. In the following step, these channels can be perfused with EC to mimic the
endothelium [28]. While numerous studies focused on printing microvasculature for the
integration in various types of tissue and organs [112-116], comparably few studies fo-
cused on printing EC monolayers and three-layered vascular grafts [117].

Inkjet-based or drop-on-demand bioprinting is ideal for the high-resolution fabrica-
tion of small tissues, including EC monolayers using tiny droplets of bioink (Figure 8B)
[118]. For example, three-dimensional, neatly layered retina models could be printed
layer-by-layer based on gelatin methacrylate to simulate the basement membrane. In a
second step, retinal pigment epithelial cells and photoreceptor cells were deposited in a
specific micropattern onto the EBM substitute and cultivated for three days in vitro. Both
cell types proved to be functional, as shown by the expression of cell-specific markers and
the release of VEGF, and could be used to study sight-threatening diseases [119].

Huber et al. applied stereolithography for the fabrication of small diameter tubular
structures made from photo-curable polyacrylates. These grafts were branched and po-
rous to allow cell adhesion and nutrient exchange. Endothelialization was supported by
material functionalization with heparin and RGDC peptides to mimic the EBM. A rotating
seeding procedure achieved a homogeneous endothelial cell lining. However, platelet ad-
hesion was also significantly increased, revealing a potential risk for thrombosis [120].
Extrusion-based printing or direct writing, a method that uses electromagnetic, pneu-
matic, or mechanical forces to obtain a filamentous bioink structure, was most studied
(Figure 8C). For example, triple-coaxial extrusion of three different bioinks resulted in the
fabrication of 2-layered vascular grafts resembling the tunica media and tunica intima. A
mixture of alginate and decellularized ECM derived from the porcine aorta was used as a
bioink and either enriched with SMC for the outer layer or EC for the inner layer. To sta-
bilize the tubular shape during the printing process, the core of the construct was filled
with sacrificial poly-(ethylene glycol)-block-poly-(propylene glycol)-block-poly-(ethylene
glycol) (PEG-PPG-PEG), which was removed after the production process. Implantation
of these grafts in rats for three weeks showed high patency, an intact endothelium, and
remodeled smooth muscle [121]. In another study, vascular grafts composed of mainly
alginate and bacterial cellulose were extruded in a calcium chloride-containing bath and
resulted in highly flexible and robust grafts. These grafts showed sufficient hemocompat-
ibility and lacked cytotoxicity. After implantation in rabbit carotid arteries, grafts re-
mained stable over a period of one month despite the strong encapsulation with connec-
tive tissue [122]. Nevertheless, alginate is not ideal for mimicking the EBM of native ves-
sels due to missing cell adhesion sites [117]. In contrast, fibrin is a highly promising natu-
ral polymer for numerous vascular tissue engineering applications due to its occurrence
in blood, its adhesion sites for multiple cell types, and its degradability, making it attrac-
tive for autologous strategies. From a mechanical point of view, however, it is too unstable
to build vascular grafts of sufficient strength, and its viscosity is too low for bioprinting.
To overcome these limitations, fibrinogen was mixed with dermal fibroblasts and gelatin,
a collagen-derived polymer that possesses good printability properties, and extruded
onto a polystyrene substrate coated with PEG-PPG-PEG using a rotating bioprinter. After
cultivation for two months, increased collagen deposition was observed, and mechanical
strength data showed that grafts were half as stable as human saphenous veins. Thus,



Int. J. Mol. Sci. 2021, 22, 13120

20 of 27

fibrinogen, in combination with other materials, might eventually become a suitable bio-
ink for vascular grafts [123].

Among the printing techniques, laser-assisted bioprinting or laser-induced forward
transfer is considered to be particularly cell-caring. The technique is based on a laser pulse
directed on a donor slide sitting on an absorber substrate and a cell-laden bioink. The laser
pulse generates a bubble, which liberates cells from the bioink and allows the controlled
deposition on a substrate underneath (Figure 8D). Though this technique is superior in
terms of cell viability and resolution when compared with the three aforementioned meth-
ods, further progress in terms of realizing vascular structures is mandatory [113].

A) Stereolithography  B) Inkjet-based C) Extrusion-based D) Laser-assisted

A IR ITD:ZTrfelnic Electromagnetic
Electric Pneumatic Laser pulse
Acoustic Mechanic
Scanney L l Donor slide Bubble

Figure 8. Bioprinting of constructs leading to endothelial basement membrane formation (EBM).
Stereolithography is based on photopolymerizable bioinks that polymerize in a layer-by-layer man-
ner in response to light energy (A). Inkjet-based bioprinting is a nozzle-based technique printing
small drops of bioink (B). Extrusion-based printing is also nozzle-based but produces bioink fibers
instead of drops. Both Inkjet- and extrusion-based printing can operate with various energy sources
(C). Laser-assisted bioprinting generates cell-containing hydrogel-based bubbles in a rather gentle
procedure (D).

4. Challenges and Future Directions

Numerous strategies have been pursued to generate biomimetic materials that re-
semble or stimulate the formation of the natural EBM in order to support endothelializa-
tion or to construct complete vascular grafts. However, only a few products entered clin-
ical studies, indicative of the obstacles still to overcome.

Decellularization of animal-derived vessels still poses a risk of immune response de-
spite the high similarity of animal- and human-derived ECM molecules. Moreover, the
removal of those immunogenic compounds is associated with decreased mechanical
strength. Human vessels would circumvent this issue, but the availability of such vessels
is limited. A potential solution might come from gene-edited pigs genetically engineered
to lack molecules that are highly immunogenic for humans. The in vivo recruitment of EC
for vascular grafts by different implant biofunctionalization strategies is primarily associ-
ated with unwanted platelet attraction and thrombus formation and with the risk of stim-
ulating SMC proliferation, bearing risk for neointimal hyperplasia and subsequent vessel
constriction. Bioprinting, the latest among the techniques described here, is still connected
with a number of technological hurdles. One of them is the identification of suitable bio-
inks that exhibit a viscosity low enough to be printed but high enough to generate a stable
construct. Another hurdle is nozzle clogging, especially when printing high cell numbers.
A potential solution might come from 4D printing, a novel approach that includes the
additional parameter of time after the manufacturing process. For this purpose, stimulus-
responsive materials such as shape-memory materials are used that change their 3D struc-
ture over time after printing upon a specific stimulus. It remains to be investigated
whether 4D printed objects are superior to classically printed specimens, owing to their
ability to adapt to a dynamic environment [112,124].
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Among the tissue engineering-based strategies, electrospinning, though a highly ver-
satile tool that mimics ECM properties, is limited in its ability to control pore size, com-
plicating cell infiltration and remodeling processes. Moreover, scaffold degradation and
the associated effects of degraded products in the organism remain issues that need to be
addressed in long-term studies. In contrast, the self-assembly method by L’Heureux et al.
appears most promising in creating vascular grafts despite the extremely time- and cost-
intensive process. Referring to their latest work [96] on fibroblast-derived ECM-based
yarn used to fabricate a vascular graft of extremely high mechanical stability, future stud-
ies will answer questions concerning the ability to promote in-situ endothelialization,
growth, and remodeling, as well as compliance in response to blood pressure changes. In
this context, the reader is referred to the latest review by Zilla et al., one of the pioneers in
cardiovascular tissue engineering from the perspective of a cardiothoracic surgeon [125].
In this article, half a century of research in this field is critically, if not pleadingly, dis-
cussed trying to understand why a proper implantable graft is still lacking. A central issue
to work on, according to Zilla et al., is the understanding of healing modes and a genuine
cooperation of surgeons, scientists, and engineers in order to stop reinventing the same
things.

5. Conclusions

Complete endothelialization of cardiovascular grafts enabling an undisturbed blood
flow remains a significant challenge in the areas of cardiovascular surgery and regenera-
tive therapies. Despite extensive research, no bioartificial implant capable of fully restor-
ing cardiovascular functions or replacing native tissues has been identified. One of the
remaining challenges is to mimic the function of the EBM given the complexity of its com-
position and molecular architecture. Among the methods being explored in fundamental
research, approaches based on EBM-derived biopolymers or cell-derived matrices seem
promising. A directed three-dimensional arrangement of ECM fibers with a defined spac-
ing of integrin binding sites to support EC adhesion might be beneficial, as shown for self-
assembled peptide hydrogels [126]. However, one should bear in mind that such con-
structs should be manufactured in line with the motto “the simpler, the better” to facilitate
the standardization of the production process with regard to quality requirements neces-
sary for clinical translation. Keeping the number of initial materials and processing steps
low as well as avoiding concepts comprising preseeding of cells on the device before im-
plantation might finally leverage the use of this technology in clinical practice.

Author Contributions: Conceptualization, A.L. and S.L.; writing—original draft preparation, S.L.;
writing —review and editing, A.L. and M.G.; visualization, S.L. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was financially supported by the Helmholtz Association through program-ori-
ented funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The graphics were created with BioRender.com.

Conflicts of Interest: The authors declare no conflict of interest.



Int. J. Mol. Sci. 2021, 22, 13120 22 of 27

References

1.

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

WHO. Cardiovascular Diseases (CVDs). Availabe online: https://www.who.int/en/news-room/fact-
sheets/detail/cardiovascular-diseases-(cvds) (accessed on 30 September 2021).

Pashneh-Tala, S.; MacNeil, S.; Claeyssens, F. The Tissue-Engineered Vascular Graft—Past, Present, and Future. Tissue Eng. Part
B 2016, 22, 68-100, d0i:10.1089/ten.teb.2015.0100.

Bordenave, L.; Fernandez, P.; Rémy-Zolghadri, M.; Villars, S.; Daculsi, R.; Midy, D. In vitro endothelialized ePTFE prostheses:
Clinical update 20 years after the first realization. Clin. Hemorheol. Microcirc. 2005, 33, 227-234.

Cahill, P.A; Redmond, EM. Vascular endothelium—Gatekeeper of vessel health. Atherosclerosis 2016, 248, 97-109,
doi:10.1016/j.atherosclerosis.2016.03.007.

Baluk, P.; Morikawa, S.; Haskell, A.; Mancuso, M.; McDonald, D.M. Abnormalities of Basement Membrane on Blood Vessels
and Endothelial Sprouts in Tumors. Am. J. Pathol. 2003, 163, 1801-1815, d0i:10.1016/S0002-9440(10)63540-7.

Post, A.; Wang, E.; Cosgriff-Hernandez, E. A Review of Integrin-Mediated Endothelial Cell Phenotype in the Design of
Cardiovascular Devices. Ann. Biomed. Eng. 2019, 47, 366-380, d0i:10.1007/s10439-018-02171-3.

Thomsen, M.S.; Routhe, L.J.; Moos, T. The vascular basement membrane in the healthy and pathological brain. J. Cereb. Blood
Flow Metab. 2017, 37, 3300-3317, d0i:10.1177/0271678X17722436.

Randles, M.J.; Humphries, M.].; Lennon, R. Proteomic definitions of basement membrane composition in health and disease.
Matrix Biol. 2017, 57-58, 12-28, d0i:10.1016/j.matbio.2016.08.006.

Marshall, C.B. Rethinking glomerular basement membrane thickening in diabetic nephropathy: Adaptive or pathogenic? Am.
J. Physiol. Ren. Physiol. 2016, 311, F831-F843, d0i:10.1152/ajprenal.00313.2016.

Witjas, F.M.R.; van den Berg, B.M.; van den Berg, C.W.; Engelse, M.A.; Rabelink, T.J. Concise Review: The Endothelial Cell
Extracellular Matrix Regulates Tissue Homeostasis and Repair. Stem Cells Transl. Med. 2019, 8, 375-382, d0i:10.1002/sctm.18-
0155.

Pozzi, A.; Yurchenco, P.D.; Lozzo, R.V. The nature and biology of basement membranes. Matrix Biol. 2017, 57-58, 1-11,
doi:10.1016/j.matbio.2016.12.009.

Di Russo, J.; Luik, A.L.; Yousif, L.; Budny, S.; Oberleithner, H.; Hofschroer, V.; Klingauf, J.; van Bavel, E.; Bakker, E.N,;
Hellstrand, P.; et al. Endothelial basement membrane laminin 511 is essential for shear stress response. EMBO J. 2017, 36, 183—
201, doi:10.15252/embj.201694756.

Song, J.; Zhang, X.L.; Buscher, K.; Wang, Y.; Wang, H.Y.; Di Russo, J.; Li, L.X; Lutke-Enking, S.; Zarbock, A.; Stadtmann, A.; et
al. Endothelial Basement Membrane Laminin 511 Contributes to Endothelial Junctional Tightness and Thereby Inhibits
Leukocyte Transmigration. Cell Rep. 2017, 18, 1256-1269, d0i:10.1016/j.celrep.2016.12.092.

Nybo, T.; Dieterich, S.; Gamon, L.F.; Chuang, C.Y.; Hammer, A.; Hoefler, G.; Malle, E.; Rogowska-Wrzesinska, A.; Davies, M.J.
Chlorination and oxidation of the extracellular matrix protein laminin and basement membrane extracts by hypochlorous acid
and myeloperoxidase. Redox Biol. 2019, 20, 496-513, d0i:10.1016/j.redox.2018.10.022.

Lorentzen, L.G.; Chuang, C.Y.; Rogowska-Wrzesinska, A.; Davies, M.J. Identification and quantification of sites of nitration and
oxidation in the key matrix protein laminin and the structural consequences of these modifications. Redox Biol. 2019, 24, 101226,
doi:10.1016/j.redox.2019.101226.

Thomson, S.C.; Blantz, R.C. Biophysics of Glomerular Filtration. Compr. Physiol. 2012, 2, 1671-1699, d0i:10.1002/cphy.c100089.
Ganesan, M.K; Finsterwalder, R.; Leb, H.; Resch, U.; Neumiiller, K.; de Martin, R.; Petzelbauer, P. Three-Dimensional Coculture
Model to Analyze the Cross Talk Between Endothelial and Smooth Muscle Cells. Tissue Eng. Part C 2017, 23, 3849,
doi:10.1089/ten.TEC.2016.0299.

Gubbiotti, M.A.; Neill, T.; Iozzo, R.V. A current view of perlecan in physiology and pathology: A mosaic of functions. Matrix
Biol. 2017, 57-58, 285-298, d0i:10.1016/j.matbio.2016.09.003.

Steiner, E.; Enzmann, G.U,; Lyck, R.; Lin, S.; Riiegg, M.A.; Kroger, S.; Engelhardt, B. The heparan sulfate proteoglycan agrin
contributes to barrier properties of mouse brain endothelial cells by stabilizing adherens junctions. Cell Tissue Res. 2014, 358,
465-479, doi:10.1007/s00441-014-1969-7.

Katt, M.E.; Linville, R.M.; Mayo, L.N.; Xu, Z.S.; Searson, P.C. Functional brain-specific microvessels from iPSC-derived human
brain microvascular endothelial cells: The role of matrix composition on monolayer formation. Fluids Barriers CNS 2018, 15, 7,
doi:10.1186/s12987-018-0092-7.

Glentis, A.; Gurchenkov, V.; Matic Vignjevic, D. Assembly, heterogeneity, and breaching of the basement membranes. Cell
Adhes. Migr. 2014, 8, 236-245, doi:10.4161/cam.28733.

Bose, K.; Nischt, R.; Page, A.; Bader, B.L.; Paulsson, M.; Smyth, N. Loss of nidogen-1 and -2 results in syndactyly and changes
in limb development. J. Biol. Chem. 2006, 281, 39620-39629, doi:10.1074/jbc.M607886200.

Quintero-Fabidn, S.; Arreola, R.; Becerril-Villanueva, E.; Torres-Romero, J.C.; Arana-Argaez, V.; Lara-Riegos, J.; Ramirez-
Camacho, M.A.; Alvarez-Sanchez, M.E. Role of Matrix Metalloproteinases in Angiogenesis and Cancer. Front. Oncol. 2019, 9,
1370, doi:10.3389/fonc.2019.01370.

Loffek, S.; Schilling, O.; Franzke, C.-W. Biological role of matrix metalloproteinases: A critical balance. Eur. Respir. J. 2011, 38,
191-208, doi:10.1183/09031936.00146510.

Rodriguez-Manzaneque, J.C.; Ferndndez-Rodriguez, R.; Rodriguez-Baena, F.J.; Iruela-Arispe, M.L. ADAMTS proteases in
vascular biology. Matrix Biol. 2015, 44—46, 38—45, d0i:10.1016/j.matbio.2015.02.004.



Int. J. Mol. Sci. 2021, 22, 13120 23 of 27

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Yousif, L.F.; Di Russo, J.; Sorokin, L. Laminin isoforms in endothelial and perivascular basement membranes. Cell Adhes. Migr.
2013, 7, 101-110, doi:10.4161/cam.22680.

Lord, M.S.; Chuang, C.Y.; Melrose, J.; Davies, M.].; lozzo, R.V.; Whitelock, ].M. The role of vascular-derived perlecan in
modulating cell adhesion, proliferation and growth factor signaling. Matrix Biol. 2014, 35, 112-122,
doi:10.1016/j.matbio.2014.01.016.

Pradhan, S.; Banda, O.A.; Farino, CJ.; Sperduto, J.L.; Keller, K.A.; Taitano, R.; Slater, ].H. Biofabrication Strategies and
Engineered In Vitro Systems for Vascular Mechanobiology. Adv. Healthc. Mater. 2020, 9, 1901255, doi:10.1002/adhm.201901255.
Yang, X.; Scott, H.A.; Monickaraj, F.; Xu, J.; Ardekani, S.; Nitta, C.F.; Cabrera, A.; McGuire, P.G.; Mohideen, U.; Das, A,; et al.
Basement membrane stiffening promotes retinal endothelial activation associated with diabetes. FASEB ]. 2016, 30, 601-611,
doi:10.1096/£j.15-277962.

Gupta, P.; Moses, ].C.; Mandal, B.B. Surface Patterning and Innate Physicochemical Attributes of Silk Films Concomitantly
Govern Vascular Cell Dynamics. ACS Biomater. Sci. Eng. 2019, 5, 933-949, doi:10.1021/acsbiomaterials.8b01194.

Hallmann, R.; Horn, N.; Selg, M.; Wendler, O.; Pausch, F.; Sorokin, L.M. Expression and function of laminins in the embryonic
and mature vasculature. Physiol. Rev. 2005, 85, 979-1000, do0i:10.1152/physrev.00014.2004.

Ohta, R.; Niwa, A.; Taniguchi, Y.; Suzuki, N.M.; Toga, J.; Yagi, E.; Saiki, N.; Nishinaka-Arai, Y.; Okada, C.; Watanabe, A.; et al.
Laminin-guided highly efficient endothelial commitment from human pluripotent stem cells. Sci. Rep. 2016, 6, 35680,
doi:10.1038/srep35680.

Aoki, H.; Yamashita, M.; Hashita, T.; Iwao, T.; Matsunaga, T. Laminin 221 fragment is suitable for the differentiation of human
induced pluripotent stem cells into brain microvascular endothelial-like cells with robust barrier integrity. Fluids Barriers CNS
2020, 17, 25, doi:10.1186/s12987-020-00186-4.

Wong, L.; Kumar, A.; Gabela-Zuniga, B.; Chua, J.; Singh, G.; Happe, C.L.; Engler, A.J.; Fan, Y.; McCloskey, K.E. Substrate
stiffness directs diverging vascular fates. Acta Biomater. 2019, 96, 321-329, d0i:10.1016/j.actbio.2019.07.030.

Gopal, S.; Multhaupt, H.A.B.; Pocock, R.; Couchman, J.R. Cell-extracellular matrix and cell-cell adhesion are linked by syndecan-
4. Matrix Biol. 2017, 60-61, 5769, doi:10.1016/j.matbio.2016.10.006.

Cavalheiro, R.P.; Lima, M. A ; Jarrouge-Boucas, T.R.; Viana, G.M.; Lopes, C.C.; Coulson-Thomas, V.J.; Dreyfuss, ].L.; Yates, E.A.;
Tersariol, I.L.S.; Nader, H.B. Coupling of vinculin to F-actin demands Syndecan-4 proteoglycan. Matrix Biol. 2017, 63, 23-37,
doi:10.1016/j.matbio.2016.12.006.

Hosokawa, H.; Ninomiya, H.; Kitamura, Y.; Fujiwara, K.; Masaki, T. Vascular endothelial cells that express dystroglycan are
involved in angiogenesis. J. Cell Sci. 2002, 115, 1487-1496, doi:10.1242/jcs.115.7.1487.

Biswas, S.; Watters, J.; Bachay, G.; Varshney, S.; Hunter, D.D.; Hu, H.Y.; Brunken, W.J. Laminin-dystroglycan signaling regulates
retinal arteriogenesis. FASEB |. 2018, 32, 6261-6273, d0i:10.1096/fj.201800232R.

Galvagni, F.; Nardi, F.; Maida, M.; Bernardini, G.; Vannuccini, S.; Petraglia, F.; Santucci, A.; Orlandini, M. CD93 and
dystroglycan cooperation in human endothelial cell adhesion and migration adhesion and migration. Oncotarget 2016, 7, 10090
10103, doi:10.18632/oncotarget.7136.

Jayadev, R.; Sherwood, D.R. Basement membranes. Curr. Biol. 2017, 27, R207-R211, doi:10.1016/j.cub.2017.02.006.

Lieleg, O.; Baumgartel, R.M.; Bausch, A.R. Selective Filtering of Particles by the Extracellular Matrix: An Electrostatic Bandpass.
Biophys. ]. 2009, 97, 15691577, doi:10.1016/j.bpj.2009.07.009.

Chew, C,; Lennon, R. Basement Membrane Defects in Genetic Kidney Diseases. Front. Pediatr. 2018, 6, 11,
doi:10.3389/fped.2018.00011.

Voisin, M.-B.; Prébstl, D.; Nourshargh, S. Venular Basement Membranes Ubiquitously Express Matrix Protein Low-Expression
Regions: Characterization in Multiple Tissues and Remodeling during Inflammation. Am. ]. Pathol. 2010, 176, 482-495,
doi:10.2353/ajpath.2010.090510.

Ishihara, J.; Ishihara, A.; Fukunaga, K.; Sasaki, K.; White, M.].V.; Briquez, P.S.; Hubbell, ].A. Laminin heparin-binding peptides
bind to several growth factors and enhance diabetic wound healing. Nat. Commun. 2018, 9, 2163, doi:10.1038/s41467-018-04525-
w.

Arnaoutova, I; George, J.; Kleinman, H.K; Benton, G. The endothelial cell tube formation assay on basement membrane turns
20: State of the science and the art. Angiogenesis 2009, 12, 267-274, d0i:10.1007/s10456-009-9146-4.

Pozzi, A.; Zent, R. Regulation of endothelial cell functions by basement membrane- and arachidonic acid-derived products.
Wiley Interdiscip. Rev. Syst. Biol. Med. 2009, 1, 254-272, d0i:10.1002/wsbm.7.

Davis, G.E.; Senger, D.R. Endothelial extracellular matrix: Biosynthesis, remodeling, and functions during vascular
morphogenesis and neovessel stabilization. Circ. Res. 2005, 97, 1093-1107, d0i:10.1161/01.RES.0000191547.64391.e3.
Park-Windhol, C.; D’Amore, P.A. Disorders of Vascular Permeability. Annu. Rev. Pathol. Mech. Dis. 2016, 11, 251-281,
doi:10.1146/annurev-pathol-012615-044506.

Yuan, S.Y.; Rigor, R.R. Chapter 4: The Endothelial Barrier. In Regulation of Endothelial Barrier Function; Morgan & Claypool Life
Sciences: San Rafael, CA, USA, 2010.

Su, G.; Atakilit, A.; Li, ].T.; Wu, N.; Bhattacharya, M.; Zhu, J.; Shieh, J.E.; Li, E.; Chen, R.; Sun, S; et al. Absence of integrin av[33
enhances vascular leak in mice by inhibiting endothelial cortical actin formation. Am. . Respir. Crit. Care Med. 2012, 185, 58-66,
d0i:10.1164/rccm.201108-13810C.



Int. J. Mol. Sci. 2021, 22, 13120 24 of 27

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Pulous, F.E.; Grimsley-Myers, C.M.; Kansal, S.; Kowalczyk, A.P.; Petrich, B.G. Talin-Dependent Integrin Activation Regulates
VE-Cadherin  Localization and  Endothelial Cell Barrier Function. Circ. Res. 2019, 124, 891-903,
doi:10.1161/CIRCRESAHA.118.314560.

Alghisi, G.C.; Ponsonnet, L.; Riiegg, C. The integrin antagonist cilengitide activates alphaVbeta3, disrupts VE-cadherin
localization at cell junctions and enhances permeability in endothelial cells. PLoS ONE 2009, 4, e4449,
doi:10.1371/journal.pone.0004449.

Yamamoto, H.; Ehling, M.; Kato, K.; Kanai, K.; van Lessen, M.; Frye, M.; Zeuschner, D.; Nakayama, M.; Vestweber, D.; Adams,
R.H. Integrin {1 controls VE-cadherin localization and blood vessel stability. Nat. Commun. 2015, 6, 6429,
doi:10.1038/ncomms7429.

Hakanpaa, L.; Kiss, E.A.; Jacquemet, G.; Miinalainen, I.; Lerche, M.; Guzman, C.; Mervaala, E.; Eklund, L.; Ivaska, J.; Saharinen,
P. Targeting Pl-integrin inhibits vascular leakage in endotoxemia. Proc. Natl. Acad. Sci. USA 2018, 115, E6467-E6476,
doi:10.1073/pnas.1722317115.

Yurdagul, A., Jr.; Orr, AW. Blood Brothers: Hemodynamics and Cell-Matrix Interactions in Endothelial Function. Antioxid.
Redox Signal. 2016, 25, 415-434, doi:10.1089/ars.2015.6525.

Izawa, Y.; Gu, Y.H.; Osada, T.; Kanazawa, M.; Hawkins, B.T.; Koziol, ].A.; Papayannopoulou, T.; Spatz, M.; del Zoppo, G.J. beta
1l-integrin-matrix interactions modulate cerebral microvessel endothelial cell tight junction expression and permeability. |.
Cereb. Blood Flow Metab. 2018, 38, 641-658, d0i:10.1177/0271678x17722108.

Moore, D.H.; Ruska, H. The fine structure of capillaries and small arteries. . Biophys. Biochem. Cytol. 1957, 3, 457-462,
doi:10.1083/jcb.3.3.457.

Straub, A.C.; Zeigler, A.C.; Isakson, B.E. The myoendothelial junction: Connections that deliver the message. Physiology 2014,
29, 242-249, doi:10.1152/physiol.00042.2013.

Lin, Y.-J.; Kwok, C.; Juan, C.-C.; Hsu, Y.-P.; Shih, K.-C.; Chen, C.-C,; Ho, L.-T. Angiotensin II enhances endothelin-1-induced
vasoconstriction through upregulating endothelin type A receptor. Biochem. Biophys. Res. Commun. 2014, 451, 263-269,
doi:10.1016/j.bbrc.2014.07.119.

Lilly, B. We Have Contact: Endothelial Cell-Smooth Muscle Cell Interactions. Physiology 2014, 29, 234-241,
doi:10.1152/physiol.00047.2013.

McCallinhart, P.E.; Biwer, L.A.; Clark, O.E.; Isakson, B.E; Lilly, B.; Trask, A.]. Myoendothelial Junctions of Mature Coronary
Vessels Express Notch Signaling Proteins. Front. Physiol. 2020, 11, 29, doi:10.3389/fphys.2020.00029.

Heberlein, K.R.; Straub, A.C.; Isakson, B.E. The myoendothelial junction: Breaking through the matrix? Microcirculation 2009,
16, 307-322, d0i:10.1080/10739680902744404.

Pogoda, K.; Kameritsch, P. Molecular regulation of myoendothelial gap junctions. Curr. Opin. Pharmacol. 2019, 45, 16-22,
doi:10.1016/j.coph.2019.03.006.

Xu, J; Yang, G.M,; Li, T.; Liu, L.M. Myoendothelial gap junctions mediate regulation of angiopoietin-2-induced vascular
hyporeactivity after hypoxia through connexin 43-gated cAMP transfer. Am. |. Physiol. Cell Physiol. 2017, 313, C262-C273,
doi:10.1152/ajpcell.00369.2016.

Sowa, G. Caveolae, Caveolins, Cavins, and Endothelial Cell Function: New Insights. Front. Physiol. 2012, 2, 120,
doi:10.3389/fphys.2011.00120.

Porzionato, A.; Stocco, E.; Barbon, S.; Grandi, F.; Macchi, V.; De Caro, R. Tissue-Engineered Grafts from Human Decellularized
Extracellular Matrices: A Systematic Review and Future Perspectives. Int. ]. Mol. Sci. 2018, 19, 4117, doi:10.3390/ijms19124117.
Gilbert, T.W.; Sellaro, T.L.; Badylak, S.F. Decellularization of tissues and organs. Biomaterials 2006, 27, 3675-3683,
doi:10.1016/j.biomaterials.2006.02.014.

Boer, U.; Hurtado-Aguilar, L.G.; Klingenberg, M.; Lau, S.; Jockenhoevel, S.; Haverich, A.; Wilhelmi, M. Effect of Intensified
Decellularization of Equine Carotid Arteries on Scaffold Biomechanics and Cytotoxicity. Ann. Biomed. Eng. 2015, 43, 26302641,
do0i:10.1007/s10439-015-1328-1.

Lin, C.H.; Hsia, K.; Ma, H.; Lee, H.; Lu, J.H. In Vivo Performance of Decellularized Vascular Grafts: A Review Article. Int. ].
Mol. Sci. 2018, 19, 2101, d0i:10.3390/ijms19072101.

Madden, R.; Lipkowitz, G.; Benedetto, B.; Kurbanov, A.; Miller, M.; Bow, L. Decellularized cadaver vein allografts used for
hemodialysis access do not cause allosensitization or preclude kidney transplantation. Am. |. Kidney Dis. 2002, 40, 1240-1243,
doi:10.1053/ajkd.2002.36892.

Fischer, K.; Kraner-Scheiber, S.; Petersen, B.; Rieblinger, B.; Buermann, A.; Flisikowska, T.; Flisikowski, K.; Christan, S.; Edlinger,
M.; Baars, W.; et al. Efficient production of multi-modified pigs for xenotransplantation by ‘combineering’, gene stacking and
gene editing. Sci. Rep. 2016, 6, 29081, doi:10.1038/srep29081.

Liu, T.; Wang, X,; Tang, X.H.; Gong, T.; Ye, W.; Pan, C.J,; Ding, H.Y.; Luo, X,; Li, X;; Wang, Q.M. Surface Modification with
ECM-Inspired SDF-1 alpha/Laminin-Loaded Nanocoating for Vascular Wound Healing. ACS Appl. Mater. Interfaces 2017, 9,
30373-30386, doi:10.1021/acsami.7b08516.

Anderson, D.EJ.; Truong, K.P.; Hagen, M.W.; Yim, EKF.; Hinds, M.T. Biomimetic modification of poly(vinyl alcohol):
Encouraging endothelialization and preventing thrombosis with antiplatelet monotherapy. Acta Biomater. 2019, 86, 291-299,
doi:10.1016/j.actbio.2019.01.008.



Int. J. Mol. Sci. 2021, 22, 13120 25 of 27

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Radke, D.; Jia, W.; Sharma, D.; Fena, K;; Wang, G.; Goldman, ].; Zhao, F. Tissue Engineering at the Blood-Contacting Surface: A
Review of Challenges and Strategies in Vascular Graft Development. Adv. Healthc. Mater. 2018, 7, 1701461,
doi:10.1002/adhm.201701461.

Karimi, F.; McKenzie, T.G.; O’Connor, A.].; Qiao, G.G.; Heath, D.E. Nano-scale clustering of integrin-binding ligands regulates
endothelial cell adhesion, migration, and endothelialization rate: Novel materials for small diameter vascular graft applications.
J. Mater. Chem. B 2017, 5, 5942-5953, d0i:10.1039/C7TB01298E.

Peng, G.; Yao, D.Y.; Niu, Y.M,; Liu, HF.; Fan, Y.B. Surface Modification of Multiple Bioactive Peptides to Improve
Endothelialization of Vascular Grafts. Macromol. Biosci. 2019, 19, 1800368, d0i:10.1002/mabi.201800368.

Chen, Z.Y.; Li, Q.L.; Chen, J.L.; Luo, R.F,; Maitz, M.F.; Huang, N. Immobilization of serum albumin and peptide aptamer for
EPC on polydopamine coated titanium surface for enhanced in-situ self-endothelialization. Mater. Sci. Eng. C 2016, 60, 219-229,
doi:10.1016/j.msec.2015.11.044.

Wang, D.F.; Xu, Y.Y.; Wang, L.X,; Wang, X.F.; Yan, S.J.; Yilmaz, G.; Li, Q.; Turng, L.S. Long-term nitric oxide release for rapid
endothelialization in expanded polytetrafluoroethylene small-diameter artificial blood vessel grafts. Appl. Surf. Sci. 2020, 507,
145028, doi:10.1016/j.apsusc.2019.145028.

Zhao, J.; Bai, L.C.; Ren, X.K,; Guo, ].T.; Xia, S.H.; Zhang, W.C_; Feng, Y.K. Co-immobilization of ACH(11) antithrombotic peptide
and CAG cell-adhesive peptide onto vascular grafts for improved hemocompatibility and endothelialization. Acta Biomater.
2019, 97, 344-359, doi:10.1016/j.actbio.2019.07.057.

Hao, D.K; Fan, Y.H.; Xiao, W.W.; Liu, RW.; Pivetti, C.; Walimbe, T.; Guo, F.Z.; Zhang, X K,; Farmer, D.L.; Wang, F.S,; et al.
Rapid endothelialization of small diameter vascular grafts by a bioactive integrin-binding ligand specifically targeting
endothelial progenitor cells and endothelial cells. Acta Biomater. 2020, 108, 178-193, d0i:10.1016/j.actbio.2020.03.005.

Liao, S.R.; He, Q.; Yang, L.; Liu, S.; Zhang, Z.; Guidoin, R.; Fu, Q.; Xie, X.Y. Toward endothelialization via vascular endothelial
growth factor immobilization on cell-repelling functional polyurethanes. J. Biomed. Mater. Res. Part B 2019, 107, 965-977,
doi:10.1002/jbm.b.34190.

Dai, WW.; Guo, H.F,; Qian, D.H.; Qin, Z.X,; Lei, Y.; Hou, X.Y.; Wen, C. Improving endothelialization by the combined
application of polyethylene glycol coated cerium oxide nanoparticles and VEGF in electrospun polyurethane scaffolds. . Mater.
Chem. B 2017, 5, 1053-1061, doi:10.1039/c6tb02391f.

Li, B.-c.; Chang, H.; Ren, K.-f; Ji, ]. Substrate-mediated delivery of gene complex nanoparticles via polydopamine coating for
enhancing competitiveness of endothelial cells. Colloids Surf. B 2016, 147, 172-179, d0i:10.1016/j.colsurfb.2016.07.063.

Ye, W.; Chen, Y.; Tang, W.; Zhang, N.; Li, Z.; Liu, Z.; Yu, B.; Xu, F.-J. Reduction-Responsive Nucleic Acid Delivery Systems To
Prevent In-Stent Restenosis in Rabbits. ACS Appl. Mater. Interfaces 2019, 11, 28307-28316, doi:10.1021/acsami.9b08544.

Schulz, C.; Kriiger-Genge, A.; Jung, F.; Lendlein, A. Aptamer supported in vitro endothelialization of poly(ether imide) films.
Clin. Hemorheol. Microcirc. 2020, 75, 201-217, d0i:10.3233/CH-190775.

Deng, J.C; Yuan, S.H,; Li, X,; Wang, K.B.; Xie, L.X;; Li, N.; Wang, J.; Huang, N. Heparin/DNA aptamer co-assembled
multifunctional catecholamine coating for EPC capture and improved hemocompatibility of vascular devices. Mater. Sci. Eng.
C 2017, 79, 305-314, doi:10.1016/j.msec.2017.05.057.

Wawrzynska, M.; Kraskiewicz, H.; Paprocka, M.; Krawczenko, A.; Bielawska-Pohl, A.; Bialy, D.; Roleder, T.; Wojakowski, W.;
O’Connor, IB.; Duda, M.; et al. Functionalization with a VEGFR2-binding antibody fragment leads to enhanced
endothelialization of a cardiovascular stent in vitro and in vivo. |. Biomed. Mater. Res. Part B 2020, 108, 213-224,
doi:10.1002/jbm.b.34380.

Chen, L.; He, H.P.; Wang, M.A; Li, X.X,; Yin, H.H. Surface Coating of Polytetrafluoroethylene with Extracellular Matrix and
Anti-CD34 Antibodies Facilitates Endothelialization and Inhibits Platelet Adhesion Under Sheer Stress. Tissue Eng. Regener.
Med. 2017, 14, 359-370, d0i:10.1007/s13770-017-0044-3.

L'Heureux, N.; Paquet, S.; Labbé, R.; Germain, L.; Auger, F.A. A completely biological tissue-engineered human blood vessel.
FASEB ]. 1998, 12, 47-56, d0i:10.1096/fasebj.12.1.47.

L’Heureux, N.; Dusserre, N.; Konig, G.; Victor, B.; Keire, P.; Wight, T.N.; Chronos, N.A.; Kyles, A.E.; Gregory, C.R.; Hoyt, G.; et
al. Human tissue-engineered blood vessels for adult arterial revascularization. Nat. Med. 2006, 12, 361-365, doi:10.1038/nm1364.
McAllister, T.N.; Maruszewski, M.; Garrido, S.A.; Wystrychowski, W.; Dusserre, N.; Marini, A.; Zagalski, K.; Fiorillo, A.; Avila,
H.; Manglano, X; et al. Effectiveness of haemodialysis access with an autologous tissue-engineered vascular graft: A multicentre
cohort study. Lancet 2009, 373, 1440-1446, doi:10.1016/s0140-6736(09)60248-8.

Wystrychowski, W.; McAllister, T.N.; Zagalski, K.; Dusserre, N.; Cierpka, L.; L’'Heureux, N. First human use of an allogeneic
tissue-engineered vascular graft for hemodialysis access. J. Vasc. Surg. 2014, 60, 1353-1357, doi:10.1016/j.jvs.2013.08.018.
Magnan, L.; Labrunie, G.; Marais, S.; Rey, S.; Dusserre, N.; Bonneu, M.; Lacomme, S.; Gontier, E.; L’'Heureux, N. Characterization
of a Cell-Assembled extracellular Matrix and the effect of the devitalization process. Acta Biomater. 2018, 82, 56-67,
doi:10.1016/j.actbio.2018.10.006.

Carrabba, M.; Madeddu, P. Current Strategies for the Manufacture of Small Size Tissue Engineering Vascular Grafts. Front.
Bioeng. Biotechnol. 2018, 6, 41, d0i:10.3389/fbioe.2018.00041.

Peck, M.; Gebhart, D.; Dusserre, N.; McAllister, T.N.; L’'Heureux, N. The Evolution of Vascular Tissue Engineering and Current
State of the Art. Cells Tissues Organs 2012, 195, 144-158, doi:10.1159/000331406.



Int. J. Mol. Sci. 2021, 22, 13120 26 of 27

96.

97.

98.

99.

100.

101.

102.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Magnan, L.; Labrunie, G.; Fénelon, M.; Dusserre, N.; Foulc, M.-P.; Lafourcade, M.; Svahn, L; Gontier, E.; Vélez, V., Jaime, H.; et
al. Human textiles: A cell-synthesized yarn as a truly “bio” material for tissue engineering applications. Acta Biomater. 2020, 105,
111-120, doi:10.1016/j.actbio.2020.01.037.

Yokoyama, U.; Tonooka, Y.; Koretake, R.; Akimoto, T.; Gonda, Y.; Saito, J.; Umemura, M.; Fujita, T.; Sakuma, S.; Arai, F.; et al.
Arterial graft with elastic layer structure grown from cells. Sci. Rep. 2017, 7, 140, d0i:10.1038/s41598-017-00237-1.

Bornstadt, D.V.; Wang, H.; Paulsen, M.].; Goldstone, A.B.; Eskandari, A.; Thakore, A.; Stapleton, L.; Steele, A.N.; Truong, V.N,;

Jaatinen, K.; et al. Rapid Self-Assembly of Bioengineered Cardiovascular Bypass Grafts From Scaffold-Stabilized, Tubular
Bilevel Cell Sheets. Circulation 2018, 138, 2130-2144, doi:doi:10.1161/CIRCULATIONAHA.118.035231.

Weinberg, C.B.; Bell, E. A blood vessel model constructed from collagen and cultured vascular cells. Science 1986, 231, 397-400,
doi:10.1126/science.2934816.

Dahl, S.L.M.; Kypson, A.P.; Lawson, ].H.; Blum, J.L.; Strader, ].T.; Li, Y.L.; Manson, R.J.; Tente, W.E.; DiBernardo, L.; Hensley,
M.T; et al. Readily Available Tissue-Engineered Vascular Grafts. Sci. Transl. Med. 2011, 3, 68ra69,
doi:10.1126/scitranslmed.3001426.

Kirkton, R.D.; Santiago-Maysonet, M.; Lawsonl, J.H.; Tente, W.E.; Dahl, S.L.M.; Niklason, L.E.; Prichard, H.L. Bioengineered
human acellular vessels recellularize and evolve into living blood vessels after human implantation. Sci. Transl. Med. 2019,
11,eaau6934, doi:10.1126/scitranslmed.aau6934.

Gui, L.Q.; Boyle, M.].; Kamin, Y.M.; Huang, A.H.; Starcher, B.C.; Miller, C.A.; Vishnevetsky, M.].; Niklason, L.E. Construction
of Tissue-Engineered Small-Diameter Vascular Grafts in Fibrin Scaffolds in 30 Days. Tissue Eng. Part A 2014, 20, 1499-1507,
doi:10.1089/ten.tea.2013.0263.

103. Niklason, L.E.; Lawson, ].H. Bioengineered human blood vessels. Science 2020, 370, eaaw8682, doi:10.1126/science.aaw8682.
Zeng, ].; Sasaki, N.; Correia, C.R.; Mano, J.F.; Matsusaki, M. Fabrication of Artificial Nanobasement Membranes for Cell
Compartmentalization in 3D Tissues. Small 2020, 16, 1907434, d0i:10.1002/sml1.201907434.

Palchesko, R.N.; Funderburgh, J.L.; Feinberg, A.W. Engineered Basement Membranes for Regenerating the Corneal
Endothelium. Adv. Healthc. Mater. 2016, 5, 2942-2950, d0i:10.1002/adhm.201600488.

Davoudi, P.; Assadpour, S.; Derakhshan, M.A.; Aj, ].; Solouk, A.; Ghanbari, H. Biomimetic modification of polyurethane-based
nanofibrous vascular grafts: A promising approach towards stable endothelial lining. Mater. Sci. Eng. C 2017, 80, 213-221,
doi:10.1016/j.msec.2017.05.140.

Yu, C.L,; Xing, M.Y.; Sun, S.B.; Guan, G.P.; Wang, L. In vitro evaluation of vascular endothelial cell behaviors on biomimetic
vascular basement membranes. Colloids Surf. B 2019, 182, 110381, doi:10.1016/j.colsurfb.2019.110381.

Zhao, Q.L.; Cui, H.Q.; Wang, J.; Chen, HX.; Wang, Y.L.; Zhang, L.D.; Du, X.M.; Wang, M. Regulation Effects of Biomimetic
Hybrid Scaffolds on Vascular Endothelium Remodeling. ACS Appl. Mater. Interfaces 2018, 10, 23583-23594,
doi:10.1021/acsami.8b06205.

Zhao, Q.; Wang, J.; Cui, H,; Chen, H; Wang, Y.; Du, X. Programmed Shape-Morphing Scaffolds Enabling Facile 3D
Endothelialization. Adv. Funct. Mater. 2018, 28, 1801027, d0i:10.1002/adfm.201801027.

Chen, M,; Li, L.; Xia, L.; Zhang, F.; Jiang, S.; Hu, H,; Li, X.; Wang, H. Temperature Responsive Shape-Memory Scaffolds with
Circumferentially Aligned Nanofibers for Guiding Smooth Muscle Cell Behavior. Macromol. Biosci. 2020, 20, €1900312,
doi:10.1002/mabi.201900312.

Hull, CW.; UVP Inc. Apparatus for Production of Three-Dimensional Objects by Stereolithography. U.S. Patent 4575330, March
11, 1986.

Miri, A.K,; Khalilpour, A.; Cecen, B.; Maharjan, S.; Shin, S.R.; Khademhosseini, A. Multiscale bioprinting of vascularized models.
Biomaterials 2019, 198, 204-216, doi:10.1016/j.biomaterials.2018.08.006.

Tomasina, C.; Bodet, T.; Mota, C.; Moroni, L.; Camarero-Espinosa, S. Bioprinting Vasculature: Materials, Cells and Emergent
Techniques. Materials 2019, 12, 2701, doi:10.3390/ma12172701.

Papaioannou, T.G.; Manolesou, D.; Dimakakos, E.; Tsoucalas, G.; Vavuranakis, M.; Tousoulis, D. 3D Bioprinting Methods and
Techniques: Applications on Artificial Blood Vessel Fabrication. Acta Cardiol. Sin. 2019, 35, 284-289,
doi:10.6515/acs.201905_35(3).20181115a.

Sun, W.; Starly, B.; Daly, A.C.; Burdick, J.A.; Groll, J.; Skeldon, G.; Shu, W.; Sakai, Y.; Shinohara, M.; Nishikawa, M.; et al. The
bioprinting roadmap. Biofabrication 2020, 12, 022002, doi:10.1088/1758-5090/ab5158.

Sasmal, P.; Datta, P., Wu, Y.; Ozbolat, LT. 3D bioprinting for modelling vasculature. Microphysiol. Syst. 2018, 2, 9,
doi:10.21037/mps.2018.10.02.

Jeong, H.J.; Nam, H.; Jang, J.; Lee, S.J. 3D Bioprinting Strategies for the Regeneration of Functional Tubular Tissues and Organs.
Bioengineering 2020, 7, 32, doi:10.3390/bioengineering7020032.

Ng, HY,; Lee, K-X.A; Kuo, C-N.; Shen, Y.-F. Bioprinting of artificial blood vessels. Int. ]. Bioprint. 2018, 4, 140,
doi:10.18063/ijb.v4i2.140.

Masaeli, E.; Forster, V.; Picaud, S.; Karamali, F.; Nasr-Esfahani, M.H.; Marquette, C. Tissue engineering of retina through high
resolution 3-dimensional inkjet bioprinting. Biofabrication 2020, 12, 025006, doi:10.1088/1758-5090/ab4a20.

Huber, B.; Engelhardt, S.; Meyer, W.; Kruger, H.; Wenz, A.; Schonhaar, V.; Tovar, G.E.M.; Kluger, P.J.; Borchers, K. Blood-Vessel
Mimicking Structures by Stereolithographic Fabrication of Small Porous Tubes Using Cytocompatible Polyacrylate Elastomers,
Biofunctionalization and Endothelialization. ]. Funct. Biomater. 2016, 7, 11, doi:10.3390/jfb7020011.



Int. J. Mol. Sci. 2021, 22, 13120 27 of 27

121.

122.

123.

124.

125.

126.

Gao, G.; Kim, H.; Kim, B.S.; Kong, ].S.; Lee, ].Y.; Park, B.W_; Chae, S.; Kim, ].; Ban, K,; Jang, J.; et al. Tissue-engineering of vascular
grafts containing endothelium and smooth-muscle using triple-coaxial cell printing. Appl. Phys. Rev. 2019, 6, 041402,
doi:10.1063/1.5099306.

Zhou, Y.; Gui, Q.Y.; Yu, W.Y,; Liao, S.L.; He, Y.L.; Tao, X.L.; Yu, Y.; Wang, Y.P. Interfacial Diffusion Printing: An Efficient
Manufacturing Technique for Artificial Tubular Grafts. ACS Biomater. Sci. Eng. 2019, 5, 6311-6318,
do0i:10.1021/acsbiomaterials.9b01293.

Freeman, S.; Ramos, R.; Chando, P.A.; Zhou, L.X.; Reeser, K,; Jin, S.; Soman, P.; Ye, K.M. A bioink blend for rotary 3D bioprinting
tissue engineered small-diameter vascular constructs. Acta Biomater. 2019, 95, 152-164, d0i:10.1016/j.actbio.2019.06.052.

Tamay, D.G.; Dursun Usal, T.; Alagoz, A.S.; Yucel, D.; Hasirci, N.; Hasirci, V. 3D and 4D Printing of Polymers for Tissue
Engineering Applications. Front. Bioeng. Biotechnol. 2019, 7, 164, d0i:10.3389/fbioe.2019.00164.

Zilla, P.; Deutsch, M.; Bezuidenhout, D.; Davies, N.H.; Pennel, T. Progressive Reinvention or Destination Lost? Half a Century
of Cardiovascular Tissue Engineering. Front. Cardiovasc. Med. 2020, 7, 159, doi:10.3389/fcvm.2020.00159.

Pashuck, E.T.; Duchet, B.J.R,; Hansel, C.S.; Maynard, S.A.; Chow, L.W.; Stevens, M.M. Controlled Sub-Nanometer Epitope
Spacing in a Three-Dimensional Self-Assembled Peptide Hydrogel. ACS Nano 2016, 10, 11096-11104,
doi:10.1021/acsnano.6b05975.



