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Cardiovascular diseases are a main cause of death worldwide, leading to a growing demand for medical devices
to treat this patient group. Central to the engineering of such devices is a good understanding of the biology and
physics of cell-surface interactions. In existing blood-contacting devices, such as vascular grafts, the interaction
between blood, cells, and material is one of the main limiting factors for their long-term durability. An improved
understanding of the material’s chemical- and physical properties as well as its structure all play a role in how

endothelial cells interact with the material surface. This review provides an overview of how different surface
structures influence endothelial cell responses and what is currently known about the underlying mechanisms
that guide this behavior. The structures reviewed include decellularized matrices, electrospun fibers, pillars, pits,

and grated surfaces.

1. Introduction

Topography, or the study and description of physical features of an
area, is a key concept for the design of any cellular scaffold. It can be
defined by surface orientation and roughness and is characterized by a
succession of peaks and valleys. Understanding how scaffold features
affect endothelial cell behavior is of the utmost importance for the
design of various blood contacting devices. The need is clear as car-
diovascular diseases are the leading cause of death worldwide and ac-
counts for the death of over on third of the global population [1].
Current treatment options to improve or restore the function of the
diseased tissue include medication, the use of implants or biomedical
devices, and transplantation [2]. With the increasing use of blood con-
tacting devices including implantable devices, such as transcatheter
valves and ventricular assist devices, it is necessary to tackle issues
specific to these blood-contacting devices. These issues arise when blood
is in contact with an artificial material. The interaction results in
thrombosis, the formation of thrombus, or blood clots in blood-carrying
cavities. This phenomenon is a common problem for blood-contacting
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devices. It negatively effects the clinical outcomes by causing malfunc-
tion or failure of devices and can cause severe complications for the
patient [3]. Thrombi formation is influenced by several factors such as
internal shear stress, infection, inadequate anticoagulation, and the
choice of device material. The underlying mechanism is a complex
interplay of protein adsorption, adhesion of platelets, leukocytes, red
blood cells, thrombin generation, and complement activation [4].

Bio-engineered methods to prevent thrombosis in blood-contacting
medical devices have mainly focused on synthesizing less thrombogenic
surfaces or controlling the risk through medication. Attempts to reduce
the thrombogenic properties of the materials have aimed at either
inhibiting protein and cell adsorption or thrombin generation and fibrin
formation [4]. Even in state-of-the-art device surfaces with heparin
coatings, a concurrent, systemic administration of antiplatelet agents
and/or anticoagulants is still necessary to ensure effectiveness [5].
Fine-tuning the administrated drug can be critical to effectively prevent
thrombosis and avoid bleeding complications, both of which can be life
threatening to the patient.

In comparison, intact endothelium is naturally anti-thrombogenic
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through the expression of antiplatelet agents and anticoagulant agents
that prevent platelet aggregation and fibrin formation. However, in the
case of damaged or dysfunctional endothelium, the cells trigger fibrin
formation, as well as platelet adhesion and aggregation. Finally, endo-
thelial cells release pro-fibrinolytic agents in the case of damage that
initiate fibrinolysis to degrade the clot. A healthy and functional endo-
thelium is thus essential for maintaining hemostasis and preventing
thrombosis [6].

Besides advances in anti-platelet and anticoagulant therapies and
developing less thrombogenic material surfaces, research efforts have
also focused on creating endothelialized surfaces. If a healthy endothe-
lialized surface could be obtained in such a hybrid system, it would have
the potential to fully prevent thrombi to obviate the need for systemic
antithrombotic therapy. Research on endothelialized substrates for
blood-contacting devices has developed substantially over the last de-
cades, with a special focus on stents and vascular grafts [7,8]. Despite
reaching clinical trials, the results have been less than optimal.

It is currently known that the interaction of the endothelium with the
underlying substrate is a combination of physical, chemical, and me-
chanical factors. These include, for example, the extracellular matrix
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structure, binding of cytoactive factors into that matrix and stiffness [
[9-11]. Cytoactive factors include molecules, typically proteins or
peptides, that exert specific effects on cells, influencing their behavior,
function, or development. These factors can regulate processes such as
cell growth, differentiation, migration, and survival through in-
teractions with cell surface receptors or intracellular signaling path-
ways. While growth factors, cytokines, and chemokines are the most
classical representatives, the group also encompasses other functional
molecules, such as hormones, neurotransmitters, and ECM components.
The overall surface topography of the material has an effect on the
expression of over 3000 genes in Human Umbilical Vein Endothelial
cells (HUVECs) [12]. It also has a direct impact on the adhesion, pro-
liferation, migration, morphology, and phenotype of endothelial cells
[13-21]. Its link to inflammation is also of great importance for the
function of vascular devices as EC morphology regulates inflammatory
cells and affects their cytokine and chemokine secretion [22,23]. It can
also have an anti-inflammatory effect on the endothelial cells them-
selves, an important effect that has the potential to improve the per-
formance of such substrates in vivo [24]. An improved understanding of
endothelial function, its interaction with the extracellular environment
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Fig. 1. Topographical features of engineered substrates reivewed compared to the native vascular basement membrane. Figs. reprinted with permission from Refs
[39,73,134,147,164].
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and synthetic materials will lead to improved strategies for the treat-
ment of vascular diseases.

This review is an overview of how different surface structures in-
fluence endothelial cell behavior. Previous reviews have focused more
broadly on mammalian cell response to different topographies. How-
ever, for an effective design of vascular medical devices, the specific
endothelial cellular response is of essence. Here the most common
substates used for endothelialization, or the study there of, are reviewed.
This includes decellularized matrices, electrospun fibers, pillars, pits,
and grated surfaces (see Figs. 1 and 2). Substrates currently used in
medical devices on the market are excluded. Even though the general
features of these substrates are available, then the more detailed
topography of these substrates are not publicly available due to trade
secrets. For comparison to the native matrix, “vascular basement
membrane” was a key search term but as the vascular basement mem-
brane of various tissue hold specific name, anatomical sites relevant to
the engineering like saphenous vein, valve, heart were also included.

2. Vascular basement membranes in the healthy human body
2.1. The endothelium and its extracellular matrix

The cardiovascular system, consisting of the heart, blood vessels and
contained blood, plays a multifunctional role in the human body. The
endothelium is a monolayer of endothelial cells that forms a single cell
layer that lines the interior surface of the entire vascular system. Its role
is maintaining vascular homeostasis by regulating the vascular tone and
blood fluidity, filtrating fluids, platelet aggregation, inflammation,
angiogenesis and to transport various substances throughout the body. It
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also plays a major role in immune regulation, inflammation and as a
metabolizing and endocrine organ [25-27]. Two of these important and
intertwined processes are hemostasis, the physiological process that
stops bleeding at the site of an injury and the otherwise
anti-thrombogenic function of the cardiovascular system to maintain
normal blood flow [28]. These two functions interact with each other
and are maintained, to a large extent, by the endothelium, either by
secreting factors that promote coagulation or factors that prevent clot-
ting and platelet aggregation [29-31]. The endothelium is part of the
vessel wall, which in larger vessels consist of three distinct layers: tunica
intima, tunica media and tunica externa [32]. The innermost layer,
tunica intima, is comprised of an endothelium that is in contact with
blood, basal lamina and a layer of loose connective tissue. The middle
layer, tunica media, is mainly composed of smooth muscle cells, elastin
and collagen. The outer layer, tunica externa, is a connective tissue,
mainly composed of fibroblasts and its connective tissue [33]. Even
though the distinct layers all have their unique function and work
together as a unit, the most relevant part for the medical industry is the
tunica intima because it supports the endothelial cell layer that is in
direct contact with the blood.

In large or elastic arteries, the tunica intima layer is composed of
endothelial cells, its basement membrane, also known as basal lamina,
and subendothelial layer, or internal elastic membrane [34]. The
endothelial cells, which synthesize and maintain the basal lamina, are
elongated in shape, and are joined by tight junctions (zonulae occulu-
dentes) and gap junctions. Basolateral to the basal lamina is the sub-
endothelial stroma, composed of low numbers of fibrocytes and smooth
muscles, elastic fibers and a small amount of collagen [35]. The tunica
intima is finally separated from the tunica media by a thin layer of
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Fig. 2. Conceptual figure illustrating the different approaches reviewed. A. Native aorta basement membrane from Rhesus macaque (scale bar = 600 nm). SEM
image reprinted with permission from Ref. [39]. B. Electrospun polycaprolactone fibers (scale bar = 2 pm). C. Grated substrate. SEM image reprinted with permission

from Ref. [70].
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elastic tissue called the internal elastic lamina [36].

Basement membranes are the main extracellular matrix (ECM)
structures found in the vessel wall, underlying the endothelium. Capable
of mediating information exchange between the endothelial cells and
other surrounding cells, the basement membrane modulates processes
including trans-membrane molecular diffusion, cell migration, attach-
ment, differentiation, and angiogenesis. It additionally plays an impor-
tant role in hemostasis. For that purpose, the ECM works via its
chemotactic, haptotactic, and opsonic properties [37].

2.2. Structure and function of the vascular basal lamina

In the cardiovascular system, ECMs are part of all blood vessels and
are critical for all aspects of vascular biology. The basement membrane
is a dense interconnected network composed of about 50 different pro-
teins [38,39]. The major components of the basement membrane are
collagen type IV (comprising 50 % of it), laminins (mainly laminin a4
and o5 chains), heparan-sulfate proteoglycans, and nidogens 1 and 2
[38,40-42]. Other minor components of the base membrane include
collagens XV and XVIII, SPARC/BM-40/osteopontin, and fibulins
[43-46]. The components of the ECM are secreted by endothelial cells
and form a connected layer by self-assembly, a process driven by
cell-surface anchors and receptors [47,48].

Vascular endothelial cells anchor to, and interact with, the basement
membrane and ECM through focal adhesions, composed of integrin,
talin, vinculin, a-actinin, and other proteins [39,49]. While several
mechanisms may be involved, the formation and maintenance of the
focal adhesions is regulated by Rho and the corresponding signaling
cascade [49,50].

The topographical features of the matrix, such as the fibers and
pores, are in the nanometer range. Matrices from different anatomical
sites and species have feature sizes that are reported to be between 30
and 100 nm [11,13,39,51]. The thickness of the membrane itself is also
in the nanometer range but can vary depending on the origin of the
vessel. In rhesus macaque, the thickness of the basement membranes is
506 + 14 nm in the aorta, but is thinner in both the carotid artery (319
4+ 14 nm) and in the inferior vena cava (286 + 8.2 nm) [39]. The
membrane may increase in thickness with age and disease [52-55].

2.3. Physical and mechanical properties of vascular base membrane

All cells depend on physical extracellular signals to control their
functions and to respond to changes in the environment. In vascular
engineering, understanding the physical environment experienced by
endothelial cells is of great importance to steer cell behavior on
implantable devices. Although the physical environment should be an
important input in biomedical design, these properties have not been
studied and described in detail. The existing literature describes the
ultrastructure of basement membranes in general. Fewer describe this
matrix specifically for the cardiovascular system. The matrix is mainly
described with histology images and do not quantify the physical aspects
in detail.

The composition of the vascular extracellular matrix and therefore
their physical properties differ between anatomical sites. These struc-
tural differences are likely due to the specialized function of these tis-
sues. The complex topographical features of various anatomical sites
have been characterized to a certain extent by scanning electron mi-
croscopy, atomic force microscopy, and transmission electron micro-
scopy. These studies have given valuable information about the surface
roughness, fibers thickness, pore size, and mechanical properties.

The feature dimensions of the human corneal basement membrane,
the Descemet’s membrane, heart valve matrix and the saphenous vein
are summarized in Table 1.

Determination of the mechanical properties of the vascular basement
membrane have so far been based on whole vascular tissues (Table 2).
Even though the measurements of isolated tissue would give the exact
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Table 1
Topographical feature of vascular basement membranes [nm].

Tissue type Method  Elevation  Fibers Pores
Human corneal basement SEM 182 +49 46 + 92 +
membrane?® 16 34

TEM 165 + 78 - -
AFM 243 + 34 - -
Human Descemet’s membrane® SEM 131 + 41 38 + 31+9
15
TEM 107 £ 50 - -
AFM 186 + 45 - -
Porcine aortic heart valve SEM 26 +13 28+3 32+2
(ventricular BM)®
Porcine aortic heart valve SEM 22 +£11 30+2 28 +4
(fibrosal BM)?
Rhesus macaque aorta® SEM - 31+1 59+5
Rhesus macaque carotid® SEM - 30+2 63+ 6
Rhesus macaque saphenous® SEM - 27 +1 38+2

BM: basement membranes; SEM: scanning electron microscope; TEM: trans-
mission electron microscope; AFM: atomic force microscope; -: not available.
Values adopted from a [51], b [13], ¢ [39].

Table 2
Mechanical properties of vascular tissue.
Young’s Type of tissue Method Comments Ref
modulus
8.2+ 3.8 Human Microindentation The endothelial side [56]
kPa greater of a human greater
saphenous saphenous vein was
vein measured
547.5 kPa Porcine aorta Nanoindentation Young’s modulus [57]
derived from the
reduced modulus.
Poisson ratio
assumed to be 0.5
Tissue excised within
1h of death and
tested within 1 week
of excision
Stored in saline at
5 °C or on ice before
testing
69.0 + Small-caliber Tactile mapping The elastin-rich [58]
12.8 porcine artery ~ system region of the lamina
kPa elastica interna was
measured
Samples stored at
—20 °C until use
34.3 kPa Healthy AFM-based [59]
human indentation
femoral artery
5-8 kPa Carotid AFM indentation Tissue excised from 6 [60]

arteries months old pigs
Young’s modulus of
arterial media was

measured

stiffness, the stiffness of the matrix is generally thought to correspond to
the stiffness of the tissue [61]. Few studies have investigated the isolated
basement membrane, but only from the eye (Table 3). For the different
types of matrices and tissues, the Young’s moduli have been reported to
be in the range of 5 kPa - 4 MPa.

Regardless of tissue type, fibrillar collagens, mainly types I, II, and III
provide tensile strength and stiffness [51]. Studies of mechanical
behavior of individual matrix proteins have been limited to collagen I,
fibrin, and fibronectin that are available in large quantities and therefore
cost-effective to study [61]. Similar work has not been done with pro-
teins more abundant in the vascular wall, like type IV collagens or
laminins, but these are, without a doubt, the components of greatest
importance. It is however known that cell-free fibrin and collagen fiber
networks both undergo weakening under cyclic loading [64,65]. Whole
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Table 3
Mechanical properties of basement membranes.
Young’s Type of tissue Method  Comments Ref
modulus
7.5+ 4.2 Human corneal AFM [62]
kPa basement
membrane
5.1 +1.03 Human retinal AFM The stiffness of only the [63]
kPa vascular outer surface of the
basement capillary basement
membrane membranes was measured
0.95-3.30 Chick retinal AFM Measured values from [55]
Mpa basement embryonic day 4-9. The
membrane modulus increases with
embryonic development
3.81-4.07 Mouse retinal AFM Measured values are from [55]
Mpa basement neonatal and adult mouse
membrane retinal basement

membranes.
Values increase with
increasing age

arteries, in particular the aorta, stiffen with deformation because of the
intrinsic strain stiffening of its filament network [61]. This term refers to
a resistance to deformation that increases non-linearly with increasing
deformations and is seen in most soft tissues. It stems from the
cross-linking of the extracellular matrix, either by covalent bonds or by
cross-linking proteins within the tissue [61,66,67].

Another aspect to consider is the residual stresses in the tissue. These
stresses refer to stresses that are still present in the absence of actively
applied loads and play a role in the macroscopic behavior of blood
vessels and heart valves [68,69]. It is possible that these stresses also
influence the topography in the micrometer range. Further studies are
however needed to elucidate these aspects.

3. Effect of surface topography on endothelium

Many different methods have been used to fabricate surfaces with
topographical features that subsequently undergo testing for endothelial
cell responses. These methods range from using purely biologically
derived materials, to developing matrices by biomimetic approaches, to
making highly hierarchical or highly random structures using nano-
microfabrication technology. A variety of fabrication techniques are
currently used, including self-assembly, electrospinning, lithography,
and etching. In this review, substrates that can be categorized as
decellularized matrices, electrospun fibers, pillars, pits, or grated sur-
faces are covered. These structures are commonly studied with endo-
thelial cells, and some allow for a scale-up in fabrication. It would be
interesting to also evaluate the endothelial response on small diameter
vascular grafts currently available on the market. These grafts are pre-
seeded, and many have been tested in clinical trials. However, due to
trade secrets, the surface topography is not available in the literature
and cannot always be extracted from the clinical trials, therefore they
were excluded from this review.

3.1. Decellularized tissues and cell culture-derived matrices

Decellularized tissues and cell-derived matrices hold promise
because they approximate the native tissue. In this part, we discuss the
current knowledge on how these decellularized and pre-seeded matrices
can be prepared and used as a scaffold for the endothelium.

Decellularized matrices isolated from native tissue have similar
chemical composition, physical properties, and surface structure as the
native vascular basement membranes [71,72]. They are therefore
desirable for use as a material for tissue engineering. Decellularized
tissues from different species and anatomical origins have been used as a
scaffold for endothelial cells. Additionally, in-vitro cell cultures have
been decellularized and the matrix used as scaffolds for endothelium
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[73]. Vascular matrices have been isolated from a variety of vascular
tissues, such as human saphenous vein, human umbilical artery, rat
hearts, and porcine aortic valves [71,74-77]. Other sources outside the
cardiovascular system include porcine ureters and in vitro cell cultures of
chondrocytes, preosteoblasts, and fibroblasts [73,78]. Decellularization
protocols employ osmotic shock, detergents, proteolytic digestions, and
DNase/Rnase treatments. Most methods effectively eliminate the
cellular components but show limitations in preserving the ECM struc-
ture [79,80]. Limitations of decellularized matrices include remnants of
toxic detergents, elicitation of immunoresponses, and a lack of avail-
ability, which reduce their suitability for application [81-83]. Side ef-
fects due to modifications in the matrix proteins during decellularization
could lead to in vivo fibrosis, calcification, and poor endothelialization
of the matrix [84].

A review of the field shows that a more systematic research effort will
be necessary for overcoming the current limitations associated with
native matrices derived from decellularization. For example, very few
studies have sought to describe matrix composition or the topographical
features in detail before and after decellularization. More often, indirect
measures of topographical changes are reported through staining of the
main extracellular proteins of the vascular basement membrane, most
often collagen or elastin [71,72]. No systematic evaluation of protein
structure preservation has been done for matrices used for the
endothelium.

Existing literature has relied on two simple readouts to characterize
the state of decellularized templates. A first, easily checked metric is the
preservation of the overall macroscopic shape of the matrix. For
example, whole vascular tissues have been decellularized and reseeded
with endothelial cells. One such study showed particularly promising
results in which whole rat hearts were decellularized and used as a
scaffold for rat aortic endothelial cells [75]. After the decellularization
process, the whole matrix kept the original organ’s external contour. In
the case of cell culture derived matrices, this would require checking
how well the thickness, or the volume of the matrix layer is preserved
after decellularization. Suitable layer thickness characterization
methods include supercritical angle fluorescence microscopy (SAF) and
ellipsometry [85]. Nano-indentation can also be used after decellulari-
zation as a complementary method.

A second, finer level of quality assessment has been to check for the
presence of the major protein components of the matrix post-
decellularization. In the same whole rat heart study, collagens I and
III, laminin, and fibronectin remained within the structure. Fiber
topography and the orientation of the myocardial matrix were also
preserved. Both are indicators of a successful decellularization. The
whole structure was seeded in a bioreactor by media perfusion. After 7
days, endothelial cells formed single layers in both larger and smaller
coronary vessels throughout the heart wall [75]. Translating the ad-
vances of pre-seeded matrices into animal experiments have so far
shown limited success. Even after the decellularization of porcine pul-
monary valves, where collagen and elastin architecture was preserved,
few pre-seeded autologous endothelial progenitor cells were present
after 1 and 3 months on the matrix when the valve was explanted [72].

In other studies, researchers have developed protocols that preserve
collagen IV, the most abundant protein in the vascular basement
membrane [38]. In such cases where collagen IV has been preserved but
other proteins only partially preserved, the endothelial cells are never-
theless viable, proliferate and are able to form a monolayer after a few
days in culture [74,76]. Additionally, the cultured cells are able to
synthesize laminin, fibronectin, and chondroitin sulfate (tested for
porcine aortic EC seeded on decellularized porcine aortic valves) [76]. It
seems that even without complete preservation of the ECM and its
elastic fibers, endothelial cells remain viable, can proliferate, and are
able to synthesize extracellular proteins [74-76]. Even on a matrices
derived from non-vascular origin, the endothelial cells seeded have been
shown to proliferate and didn’t exhibit any sign of change in
morphology [78].
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Another category of bio-derived substrates is cell culture-derived
matrices. These are matrices decellularized from in vitro cell cultures
of various cell types. Cell derived matrices from chondrocytes, pre-
osteoblasts, and fibroblasts have been characterized and used for human
umbilical vein endothelial cells. In this case, the surface roughness from
these three matrices was measured over 100 pm x 100 pm areas by AFM
and reported to be, respectively, 211 + 22, 241 + 24, and 138 + 5 nm
for the different decellularized cultures [73]. Interestingly, the
measured roughness was proportional to the measured matrix thickness,
which were, respectively, 1200 + 134, 1700 + 250, and 860 + 200 nm.
EC morphologies were changed on preosteoblast-derived matrix and
fibroblast-derived matrix, showing capillary-like assembly. Endothelial
cell morphology on chondrocyte-derived matrix remained unchanged,
yet proliferation was higher and cell migration was slower compared to
on other cell derived matrices. The different cell behaviors on the
different substrates might however be attributed to differences in stiff-
ness rather than topographical differences. The material elasticity
measurements revealed Young’s moduli of 17.7 + 4.2 kPa for the
chondrocyte-derived  matrix, 10.5 + 1.1 kPa for the
preosteoblast-derived matrix and 5.7 + 0.5 kPa for the
fibroblast-derived matrix [73].

Decellularized matrices approximate the complex composition and
structure of the native ECM, even though decellularization methods are
not optimal. Despite the difficulty in completely preserving the ECM,
endothelial cell cultures grown on such substrates are able to form a
monolayer, have a morphology similar to that of the native endothe-
lium, and are able to synthesize extracellular matrix proteins. The dif-
ficulty in completely preserving the ECM structure is however still an
obstacle and involves the risk of fibrosis or stenosis commonly seen after
implanting porcine heart valves [86]. More fundamentally, not much is
known about the host response [87]. There is still no standard in iden-
tifying and validating what important components or structures of the
matrix need to be present in the matrix after decellularization. There is
also no available information on what potential contaminants must be
eliminated except for endotoxins, nucleic acids and extraction aids [87].
In addition, the basic mechanisms of matrix interaction with native
tissues remain to be elucidated in order to find which will best serve in
each implant.

Decellularized matrices have the potential to exceed any other sub-
strate in performance when it comes to endothelialization and are
particularly promising for future applications in medicine. The realiza-
tion of this full potential hinges on iterative cycles of in-depth charac-
terization and decellularization protocol refinement to yield a template
that retains as much as possible the essential part of the original protein
diversity, copy number, tertiary and quaternary structures, and spatial
distribution within the entire matrix. Newly developed nanoscale
analytical methods will prove essential in this endeavor. Superresolution
optical methods such as 3D-SAF coupled with immunostaining protocols
can, in principle, permit the mapping of protein structure and localiza-
tion with a precision of ~10 nm in all three axes in a 2D layer with
thickness of 1 pm from the glass slide [85]. For thicker matrices, atomic
force spectroscopy using cantilevers with antibody-functionalized tips
can provide comparable information, though restricted in depth to the
top layer of the matrix [88]. In summary, advances in decellularization
protocols and more knowledge about the matrix structure and function
could lead to a broader use for these substrates.

3.2. Electrospun scaffolds

Under the scanning electron microscope, the native vascular base-
ment membrane appears as a nanofibrous sheet rich in pores. This
appearance has inspired the engineering of fibrous substrates for tissue
engineering applications, such as endothelializaion. To date, the fabri-
cation of these types of scaffolds has mainly relied on four processing
techniques. These are extrusion, self-assembly, phase separation, and
electrospinning [89-92]. Among them, electrospinning has emerged as
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the most commonly used technique in tissue engineering due to its
generality, scalability, and structural similarities to the native ECM [93].
This technique can produce fibrous scaffolds in the nano-to-micro range
with tunable fiber and pore sizes. Spun scaffolds are meshes of overlaid
fibers with a high surface-area-to-volume ratio and interconnected
tortuous pores.

The key geometric parameters defining fibrous scaffolds include the
diameter of the fibers, the size of the pores, and how the fibers are
aligned. In this review, the effects of these parameters on endothelial
response are examined. Most studies on electrospun fibers report the
fiber diameter and the pore size, but fewer report topographical features
related to fiber density or the roughness of the substrate as a function of
the sampling size. These are however important measures of the surface
topography for 2D tissue engineering as each cell needs to be supported
in the same plane to be able to form junctions with adjacent cells. In the
context of fibrous substrates, this means substrates with small pore size
are required in order for endothelial cells to form a functional monolayer
[94]. In general, the fiber diameter is proportional to the pore size, but
post processing can be used to decrease the pore size in order to improve
2D culture conditions for this reason [95]. If the fiber and pore sizes are
too large, the cells can infiltrate into the scaffold and the topographical
features will direct cells to grow along the fibers [96]. When cells grow
along a single fiber in the micrometer range, they have less focal
adhesion points, exhibit spindle like morphology [96] and are less likely
to form a monolayer.

Endothelial cell responses have been evaluated on electrospun fibers
ranging from 100 nm to 20 pm in diameter and pore sizes down to 0.1
pm [95,97-108]. The endothelial responses to these scaffolds are sum-
marized in Table 4.

Two trends emerge from a synthesis of the literature results on the
responses of cells to geometric features of fibrous substrates. First, the
studies generally show that endothelial response improves when cells
are cultured on textured meshes composed of thinner nanofibers and
correspondingly smaller pores. Second, it is clear that fiber alignment
causes a morphological change of the endothelium, where the cells align
along the direction of the aligned fibers. In addition to these geometric
effects, all the studies, taken together support the general observation in
the field that the nature of the scaffold material can also have a great
influence on how well these scaffolds serve as substrates for the endo-
thelium. In general, biologicallyderived, protein-based materials having
clear advantages over the purely synthetic ones.

3.2.1. Small fiber and pore size improve the endothelial response

The beneficial effect of surface texturing is manifested in differences
in cell responses on fibrous substrates versus on a flat, cast film of the
same material. In studies that directly compared electrospun substrates
to a cast film, the spun substrates showed more favorable response with
HUVECs exhibiting better attachment and higher proliferation
compared to on cast film of the same material [95,113].

Not only is the presence of surface texturing important, the spatial
frequency of this texturing is also crucial. When electrospun matrices are
compared, smaller fiber diameters and pore sizes, corresponding to
higher spatial frequencies, improves the endothelial cell response [21,
95,97,98,113,117]. As an example, HUVEC attachment and prolifera-
tion is enhanced on smaller fibers when compared to larger fibers of the
same material (0.3 and 1.2 pm in diameter vs. 7.0 pm) [97].

3.2.2. Elongated morphology on aligned fibers

When endothelial cell responses on randomly oriented fibers are
compared to those on aligned fibers, cells clearly elongate and align in
the direction parallel to the fibers [98,107,111,112,114,115]. Cell types
tested include bovine aortic endothelial cells, porcine iliac artery
endothelial cells, human umbilical cord derived endothelial cells
(HUVECs), human outgrowth endothelial cells, and human umbilical
vein-derived EA.hy926 endothelial cells [98,107,111-115]. The fiber
diameters tested in these studies were in the range of 0.1-8 pm [98,107,
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Table 4
Endothelial cell response on electrospun fibers.
Fiber Material Fiber diameter Cell type Cell response Ref.
[pm]
Pore size in ¢ or
area [ym or pm?]
Fiber alignment
Poly(l-lactide-co-e-caprolactone) made of equimolar poly(l-lactide) 0.32 £+ 0.08 pm HUVECs -Low adhesion. [97]
and poly(e-caprolactone) 0.2-30 pm- -Low proliferation rate.
-Confluency not reached after 1 week.
Random- -Elongated morphology.
Poly(l-lactide-co-e-caprolactone) made of equimolar poly(l-lactide) 1.16 £ 0.17 pm HUVECs -Low adhesion. [97]
and poly(e-caprolactone) 0.2-400 pm- -Low proliferation rate.
-Confluency not reached after 1 week.
Random- -Elongated morphology.
Poly(l-lactide-co-g-caprolactone) made of equimolar poly(l-lactide) 7.0 £ 1.0 pm HUVECs -Low cell adhesion. [97]
and poly(e-caprolactone) 1-500 pm -No proliferation in 1 week of culture.
Random -Round morphology.
Terpolymer containing hexylmethacrylate (HMA), 6+ 3 um HUVECs -Proliferation and metabolic activity were [95]
methylmethacrylate (MMA), and methacrylic acid (MAA) in molar 270 + 190 pm? higher on fibers compared to on cast film of the
ratios of 90:8:2 (referred to as H90) Random same material.
Terpolymer containing HMA, MMA, and MAA (60:38:2 M ratios, 5+ 2pum HUVECs -Proliferation and metabolic activity were [95]
referred to as H60) 690 + 440 pm? indistinguishable from those on a cast film and
Random lower than those on tissue culture plastic (TCP).
Terpolymer containing HMA, MMA, and MAA (20:78:2 M ratios, 12 £ 12 pm HUVECs -Proliferation and metabolic activity were [95]
referred to as H20) 2200 + 1400 pm? indistinguishable from those on a cast film and
Random lower than those on TCP.
Terpolymer containing HMA, MMA, and MAA (20:78:2 M ratios, 8.8+ 2.5um HUVECs -Cells show elongated morphology as they align ~ [95]
referred to as H20) NA along the direction of fibers
Aligned
Copolymer of poly(e-caprolactone) and collagen type I derived from  0.520 + 0.14 pm Bovine carotid artery -Cell adhesion was better on PCL/collagen [109]
calf skin in 1:1 wt ratio 22.7 + 9.6 pm? endothelial cells scaffold compared to on PCL fibers and on TCP.
Random -No difference in cell proliferation was
observed on these three substrates.
Recombinant human tropoelastin (disuccinimidyl suberate 0.58 £+ 0.94 pm Porcine bone marrow -Good attachment and proliferation. [110]
crosslinked) 1-6 pm* derived endothelial -Confluency reached in 48h of culture.
Random outgrowth cells -Cells stained positive for vVWF.
Poly (I-lactic acid) 0.10-0.50 pm HUVECs -Good attachment and proliferation. [98]
0-3 pm*
Random
Poly (I-lactic acid)/gelatin (5 %, 10 %, and 20 % gelatin with respect ~ 0.10-0.50 pm HUVECs -Cell attachment proportional to gelatin [98]
to PLLA weight) 0.5 pm* content. More gelatin results in a better
Random attachment.
Poly (I-lactic acid)/gelatin (5 %, 10 %, and 20 % gelatin with respect ~ 0.10-0.50 pm HUVECs -Cells orient and elongate along the long axis of ~ [98]
to PLLA weight) 0-5 pm* the aligned fibers.
Aligned
Collagen—chitosan-thermoplastic polyurethane (TPU) blends 0.36 + 0.22 pm Porcine iliac artery -Proliferation better than on TCP [107]
(glutaraldehyde crosslinked) 1-8 pm endothelial cells
Random
Collagen—chitosan-thermoplastic polyurethane (TPU) blends 0.26 + 0.15 pm Porcine iliac artery -Proliferation better than on TCP [107]
(glutaraldehyde crosslinked) 1-4 pm endothelial cells -Equally good as on randomly aligned fibers.
Aligned -Cells slightly oriented along fibers.
Tecothane (an aromatic polyether polyurethane) 1.20 £+ 0.31 pm Bovine aortic -Cells align along the fibers within 2h after [111]
NA endothelial cells seeding.
Aligned -Confluency reached on day 5.
Tecothane (an aromatic polyether polyurethane) 1.20 £+ 0.31 pm Human umbilical vein-  -Cells align along the fibers within 2h of [111]
NA derived EA.hy926 seeding.
Aligned endothelial cells -Confluency reached on day 5.
Fibronectin coated Tecothane (Fibrous substrate containing ridges 1-5 pm* Bovine aortic -Cells align along the micron-scale groove [111]
and grooves. The ridge width, channel width and channel depth NA endothelial cells pattern on the surface
were 3.6 + 0.2, 3.9 £ 0.1 and 0.9 + 0.03 pm, respectively.) Random -Good proliferation
-Confluency reached on day 5.
-The phenotype was confirmed with VE-
cadherin staining.
Fibronectin coated Tecothane (Fibrous substrate containing ridges NA Human umbilical vein- -Cells align along the micron-scale groove [111]
and grooves. The ridge width, channel width and channel depth NA derived EA.hy926 pattern on the surface
were 3.6 + 0.2, 3.9 £ 0.1 and 0.9 £ 0.03 pm, respectively.) Random endothelial cells -Good proliferation
-Confluency reached on day 5.
-The phenotype was confirmed with VE-
cadherin staining.
-Cells were responsive to the pro-inflammatory
cytokine TNF-q, like native endothelium.
Poly-e-caprolactone 0.30-0.05 pm Bovine aortic -Substrate supports cell attachment [112]
0-8 pm* endothelial cells -oor proliferation rate

(continued on next page)
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Fiber Material Fiber diameter Cell type Cell response Ref.
[pm]
Pore size in ¢ or
area [pym or pm?]
Fiber alignment
Random, but on a -Confluency not reached after 6.5 days
grated material
Poly-e-caprolactone 0.30-0.50 pm Bovine aortic -Substrate supports cell attachment [112]
NA endothelial cells -Poor proliferation rate
Aligned -Cell orient along the aligned fibers.
Terpolymer containing HMA, MMA, and MAA (20:78:2 M ratios, 4-12 pm human blood -Better adhesion than on align fibers and cast [113]
referred to as H20) 0-4000 pm? outgrowth endothelial film but not better than on TCP.
Random cells -Adhesion is better compared to that of
HUVEGs.
-Confluency was not reached by day 9.
-Cells express VWF.
Terpolymer containing HMA, MMA, and MAA (20:78:2 M ratios, 4-8 pm human blood -Lower proliferation rate than on random fibers. [113]
referred to as H20) 0-2000 pm? outgrowth endothelial -Cells express vVWF.
Aligned cells
Terpolymer containing HMA, MMA, and MAA (20:78:2 M ratios, 4-12 pm HUVECs -Attachment and proliferation are higher than [113]
referred to as H20) 0-4000 pm2 on cast film
Random -Attachment and proliferation are worse than
on TCP.
-Adhesion is better compared to that of
HUVECs.
-Confluency was not reached by day 9.
-Cells express vVWF.
Terpolymer containing HMA, MMA, and MAA (20:78:2 M ratios, 4-8 pm HUVECs -Attachment and proliferation are higher than [113]
referred to as H20) 0-2000 pm? on cast film
Aligned -Attachment and proliferation are worse than
on TCP.
-Attachment and proliferation are worse than
on random fibers.
-Cells express VWF.
Poly-1-lactic acid 0.30-0.40 pm Rabbit outgrowth -Better adhesion than on aligned fibers. [114]
2-40 pm* endothelial (OEC) from  -Proliferation rate is comparable to on
Random peripheral blood fibronectin-coated culture plates.
-Confluency reached on day 3*
Poly- 1-lactic acid 0.30-0.40 pm Rabbit OEC from -etter proliferation than on random fibers. [114]
1-25 pm* peripheral blood -Cells align moderately along the fibers.
Modestly aligned
Poly-1-lactic acid 0.30-0.40 pm Rabbit OEC from -Better proliferation than on modestly aligned [114]
0-8 pm* peripheral blood fibers.
Highly aligned
Collagen-coated poly(i-lactic acid)-co-poly(epsilon-caprolactone) 0.47 + 0.08 pm human coronary artery  -Confluency not reached on day 3. [115]
6+ 2pum endothelial cells -Platelet endothelial cell adhesion molecule-1,
Random fibronectin, and collagen type IV was expressed
at the protein level.
Collagen-coated poly(i-lactic acid)-co-poly(epsilon-caprolactone) 0.41 £ 0.13 pm human coronary artery  -Cell alignment along fibers. [115]
0-3 pm* endothelial cells -Elongated morphology.
Aligned -Similar protein expression as cells on random
fibers
Polyglycolic acid 0.087 pm HUVECs -Proliferation rate is comparable to that on TCP  [116]
0.32 pm? over 5 days.
Random
Polyglycolic acid with 10 wt% gelatin 0.13 pm HUVECs -Proliferation rate is comparable to that on TCP  [116]
0.57 pm? over 5 days.
Random
Polyglycolic acid with 30 wt% gelatin 0.52 pm HUVECs -Proliferation rate is worse than that on TCP [116]
14 pm? between day 3 and day 5.
Random
Polyglycolic acid with 50 wt% gelatin 0.86 pm HUVECs -Proliferation rate is worse than that on TCP [116]
20 pm? between day 3 and day 5.
Random
7.5 % (w/v) silk/Poly (ethylene oxide) 0.38 + 0.07 pm Human aortic -Cobblestone morphology after 1 day, [94]
0-3 pm* endothelial cells -Network of capillary tubes with lumens from
Random day 4-14.
-Cell phenotype confirmed by cell-specific
markers: CD146, VE-cadherin, PECAM-1 and
vWE.
Blend of poly(glycerol sebacate) (5 % w/v) and poly(e-caprolactone) 3.4 & 0.8 pm GFP-expressing human -Cells attached and spread along the fiber axis. [117]
(10 % w/v) 5-50 pm* umbilical vein -Metabolic activity was lower than on aligned
Random endothelial cells fibers.

-Cells infiltrated into the scaffold due to large
pore size.

(continued on next page)
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Fiber diameter
[pm]

Fiber Material

Pore size in ¢ or

area [pym or pm?]

Fiber alignment

Cell type Cell response Ref.

Blend of poly(glycerol sebacate) (5 % w/v) and poly(e-caprolactone) 4.7 + 0.6 pm
(10 % w/v) 5-30 pm*
Aligned
Type I collagen derived from calf skin and PCL (1:1 wt ratio blends) 0.1 pm
0-2 pm*

Random, modestly
aligned, and highly

aligned

Type I collagen derived from calf skin and PCL (1:1 wt ratio blends) 0.3 pm

0.5-5 pm*

Random, modestly
aligned, and highly

aligned
1.2 pm
1-10 pm*-

Type I collagen derived from calf skin and PCL (1:1 wt ratio blends)

Random, modestly
aligned, and highly

aligned-
Polycaprolactone (PCL) and polyethyleneoxide (PEO). Blend of 18 w/  4.92 + 0.23 pm
v% PCL and 0.6 w/v PEO 5-40 pm*
Random

Polycaprolactone (PCL) and polyethyleneoxide (PEO). Blend of 6 w/v ~ 19.63 + 0.34 pm

% PCL and 4.2 w/v% of PEO NA
Random
Polycaprolactone (PCL) followed by different levels of self-induced ~0.05-1 pm*
crystallization NA
Aligned
Polycaprolactone (PCL), and PCLfollowed by self-induced 0.1-1.5 pm*
crystallization NA
Random and
aligned

-Cells expressed less CD31 compared to aligned
fibers.

-The cytoskeleton and the nuclei elongated
along the fiber direction.

-Metabolic activity is higher than on randomly
aligned fibers and cells

-Confluency reached on day 7.

-Cells infiltrated into the scaffold due to large
pore size.

GFP-expressing human
umbilical vein
endothelial cells

[117]

HUVECs -Coble stone morphology on random fibers but ~ [21]
elongated and aligned with the direction of the
fibers on modestly and highly aligned fibers
-F-actin located parallel to the fibers only on
fully aligned scaffolds
-VE-cadherin expressed
-Higher level of vinculin expressed on aligned
fibers
-Cells remains better attached to highly aligned
fibers when placed under flow
-Confluency on day 3
HUVECs -Same response as to 0.1 pm fibers [21]
HUVECs -Round morphology independent of fiber [21]
alignment.
-Cells infiltrated into the scaffold.
-VE-cadherin not expressed
-Confluency not reached on day 3
HUVECs -Cell spreading better than on 6 w/v% PCLand  [108]
4.2 w/v PEO blend
-Cell proliferation better than on pure PCLE
fibers and on 6 w/v% PCL and 4.2 w/v PEO
blend
-Confluency not reached on day 14
HUVECs -Proliferation less than on pure PCL fibers [108]
-Confluency not reached on day 14
HUVECs -Self-induced crystallization on fibers promotes [118]
proliferation
-Cells migrate faster on crystallized fibers
compared to smooth fibers and less crystalline
fibers
-More polarized adhesion with a higher nuclear
shape index for crystalline fibers
HUVECs -Actin polymerization and directional [119]

migration regulated through Racl and Cdc42
-Elongated morphology

Notes: * denote values extracted by the authors from SEM images provided in the relevant reference.

111-115]. When placed under flow, HUVECs stay better attached and
align more with increasing fiber alignment. Cells exhibit thick bundles
of oriented F-actin parallel to the alignment of the fibers, similar to the
organization of native ECs in straight artery segments under high shear
stress [21]. Additionally, under flow, cells growing on aligned fibers
expressed vinculin at a level 2-3 times higher than counterparts growing
on randomly aligned fibers [21]. The unidirectional surface topography
that aligned fibers provide results in a so-called contact guidance which
has been shown to direct the alignment of many cell types, including
endothelial cells [120-122]. This elongation was observed in both the

cytoskeleton of the cell and the cell nuclei [114,117].

The effects of alignment on attachment and proliferation are not as
clear. Veleva et al. showed that human blood outgrowth endothelial
cells and HUVECs possess higher metabolic activity and proliferated
more on randomly aligned fibers (5 pm in diameter) compared to
aligned fibers (5 pm in diameter) and smooth surfaces [113]. When
smaller fiber sizes were studied (below 5 pm), the opposite trend was
observed. When ECs were seeded on 300-400 nm fibers, the initial
attachment was better than on randomly aligned fibers [114]. However,
after longer culture time, cell proliferation was higher on partly or fully
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aligned fibers [114,117]. Another study on fibers of similar diameter
found no differences in proliferation on random (360 + 220 nm) vs.
aligned fibers (256 + 145 nm) [107].

3.2.3. Biological material or blends perform better than purely synthetic
materials

Among the literature results, the most favorable endothelial response
was achieved when biologically derived materials or blends of biological
and synthetic material were used [98,107,109,110,116]. The shortest
culture time to reach confluency was achieved and reported to be 48 h
by both Mckenna et al. and Lee et al., using randomly aligned fibers
[109,110]. Both used fiber sizes around 500 nm made of either pure
recombinant human tropoelastin or a polymer blend (PCL/collagen)
[109,110]. The growth rates reported in these two studies were, how-
ever, not compared to those on other topographies of these same bio-
logical materials. Therefore, it remains unclear if the small-diameter
fibrous nature of the substrate was a confounding geometric contributor
to the observed performance.

Even though few studies report results on cellular response after
longer culture time and dynamic culture, one study using a blend of
PLC/collagen (520 + 14 nm fibers) demonstrated that endothelial cells
still adhered and covered a lumen of a graft after pulsatile flow in a
bioreactor for 9 days [123]. The same endothelialized grafts were also
able to resist adherence of platelets when exposed to blood for 15 min
[123].

In general, ECs grown on electrospun substrates maintain their
phenotype. This is confirmed by the expression of endothelial cell-
specific markers such as VE-cadherin, vWF, CD31, CD146 or PECAM-1
[94,96,105,111,113,115]. However, two studies reported formation of
tubular-like structure when human umbilical vein endothelial cells were
cultured on cellulose acetate fibers (1.2 pm in diameter) and aligned
poly(glycerol sebacate)-poly(e-caprolactone) fibers (4.7 pm in diameter)
[94,117,124].

There are only a limited number of studies attempting to assess cell
seeded electrospun scaffolds in animals, and none has approached
clinical trials [125]. Zhou et al. demonstrated a good patency of elec-
trospun PCL/chitosan fibers of electorspun grafts after 3 months of im-
plantation in a canine model. Autologous outgrowth endothelial cells
were seeded on fibers with an average diameter of 550 + 120 nm and
average porosity of 85 % + 4.1 %. The grafts were first cultured stati-
cally for 2 days and then for 7 days under pulsatile flow (30 dyn/cm?)
before implantation. The endothelial function was preserved during the
in vivo remodeling as cells expressed von Willebrand factor, kinase
insert domain receptor and endothelial NO synthase comparable to
native carotid artery [126].

Overall, topological features of electrospun substrates, in terms of
fiber diameter and pore size, affect attachment, proliferation, and
morphology (directionality and alignment) of endothelial cells. The re-
sults indicate that aligned electrospun scaffolds with small fiber di-
ameters and small pore size can support endothelial cell function.
However, to get more information of the effect of the material and
topography it would be beneficial to conduct a single study where the
fiber diameter and pore size would be kept constant for different ma-
terials while analyzing the cell response. True decoupling can be tricky
as when you change the material, you may also change other properties
like stiffness. So at least it will have to be measured and maybe things
like crosslinking have to be done to ensure identical stiffness while
alternating the compositions. True decoupling of ECM to fully under-
stand the effect of topography, the substrate needs to be finely tuned
spatially and other topography such as pillars and pits would be more
suited to the task. Spun matrices are limited in size as current electro-
spinning methods do not allow for fabrication of matrices with uniform
fiber diameter much lower than 100 nm. The feature sizes in spun
matrices are therefore considerably larger than those in the native
basement membrane, where the average fiber diameter is around 30 nm
[13,39,51]. Fiber diameter of this size has been produced in collagen by
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a method that couples hydrodynamic flow with drying, but the gener-
ality of the method remains to be explored [127,128]. The spun matrices
are also usually made of one material and do therefore not represent well
the diversity of proteins found in the native matrix. Adding more of
relevant ECM proteins or experimenting with blends of decellularized
ECM and electrospun scaffolds could provide important cues needed for
improved cellular function. Overall, improving these two important
aspects of material selection and decreasing fiber size will open up new
possibilities and application of electrospun scaffolds for
endothelialization.

3.3. Pillars and pits

The technological push for ever higher data storage densities has led
the electronics industry to develop a variety of techniques for patterning
2D surfaces. Direct write, one-step patterning of surfaces with critical
feature dimensions well below 5 nm is now routine [129,130]. While
many of these techniques rely on serial exposure by electron beam or ion
beams, modern production machines are able to handle large enough
areas for cell culture experiments in reasonable times. The much faster
photolithographic technique can also routinely achieve pillars and wires
with diameters in the tens to hundreds of nanometers in combination
with other microfabrication techniques [131,132].

With these capabilities in place, bioengineers can now fabricate
precisely defined surface patterns to systematically study the effect of
their geometrical parameters on cell responses. Surfaces with control-
lable geometric features in the nanometer range have been used to
investigate response of various cell types, including endothelial cells
[133]. To date, cylindrical pillars and pits have received the most
attention with regard to endothelialization, even though the effect of
other shapes like hexagons and pyramid shaped structures have also
been reported. This is likely due to the simplicity of fabricating cylin-
drical structures; they are derived from dot arrays patterned in 2D,
followed by deposition or etching steps, which allow for precise control
of the height of the pillars or the depth of the holes. Such quantifiable
geometric parameters also include the diameter, width, and spacing.
Even though surfaces in existing studies are not biomimetic, their pre-
cise geometry and reproducibility provides a platform to investigate
different aspects of the cellular response. Such studies are essential for a
fundamental understanding of the signaling pathways underlying the
mechanics of cell-surface interactions. Further studies could aim at
decoupling the effect of ECM and topography by coating the substrate
with different ECM proteins in a way that does not alter the physical
properties of the bulk material.

3.3.1. The effect of size - um pillars versus nanopillars

Studies examining the impact of pillar size on endothelial cells reveal
a clear preference for nanopillars, whereas the use of micrometer-scale
pillars yields less favorable results. In one example, Dickinson et al.
investigated endothelial cell response to micropillar substrates bearing
pillars 1 pm-6 pm in height and spaced at distances between 0.6 and 15
pm. They found that for HUVECs and human endothelial colony-forming
cells, the viability was highest on flat substrates and decreased with
increasing pillar height (highest on 1 pm pillars and lowest on 8 pm
pillars). Cells on flat substrates also spread the most and the spreading
decreased with increasing pillar height [134].

Pillars in the nanometer range seem more promising for endotheli-
alization. Dalby et al. investigated nanometrically high pillars of 13, 53
and 95 nm height. HGTFN cell coverage (a human endothelial cell line)
was better on all the pillars compared to the flat substrate of similar
chemistry [20]. Cells on the 13 nm pits, however, start to form multi-
layers after 1 week in culture. This unusual and unwanted EC response is
thought to be due to overstimulated mechanism that activates cell di-
vision. Cells need to spread to enter the DNA replication phase of cell
division. Therefore, it may be that with more cells spreading on the
surfaces, more cells are entering this phase, and therefore the cells are
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more proliferative. Cell morphology was different on the taller nano-
pillars (95 nm) compared to all the other surfaces, as filopodia inter-
action was apparent for many cells on that substrate and features within
the cells were aligning along the tops of the islands. Much fewer stress
fibers were detected on the largest pillars and control compared to the
13 and 53 nm pillars [20]. In 2007, Miller et al. showed that 200 nm poly
(lactic-co-glycolic) acid hemispheres increased endothelial cell adhesion
when compared to smooth surfaces or hemispheres with 100 or 500 nm
diameter [134]. The increase in adhesion seems to be restricted to only
solid pillars as hollow nanopillars (70 and 110 nm diameter) lead to
poorer adhesion and proliferation compared to flat control. The hollow
pillars, however, promote migration more than 4 times, increase the
production of collagen 2-3 times per cell and increase elastin production
5-8 times per cell in primary human aortic endothelial cells (HAEC).
Furthermore, a significant increase in elastin and soluble collagen pro-
duction of HAEC was observed with an increase in hollow pillar diam-
eter [135]. Other features like pyramids also showed a similar trend
with regard to size effect; micron-scale pyramids reduce response in cell
migration compared to nano scaled pyramids and flat control [136].

3.3.2. The effect of density/arrangement of pillars

Beside the sizes of the pillars and pits, their density and distribution
also affect the endothelial cell response. In the case of nanopillar density,
a study using alumina (Al;03) pillars showed that nano pillars 20-30 nm
in diameter uniformly led to a decrease in cell adhesion and prolifera-
tion compared to flat controls. The denser the pillars, the lower the
adhesion and proliferation [137]. Le Saux et al. investigated randomly a
scattered distribution of crystallographically aligned pyramides (53 +
12,390 + 75 and 1858 + 637 nm high) and their effect on bovine aortic
endothelial cells. Fewer cells adhered to the pyramid topographies
compared to flat controls [136].

3.3.3. Pits

When looking at the evidence for the effect of pits, the results are not
as clear. McNichols et al. studied the effect of hexagonally packed cir-
cular pits with a diameter of approximately 23 + 4 nm on bovine aortic
endothelial cells. The cell density was lower on the porous material
compared to the flat control. The nanopits, however, enhanced cell
spreading (each cell spread over larger area) at both the early and late
phases of the cell growth [138]. Similarly, Miller et al. reported
enhanced cell adhesion and proliferation on poly(lactic-co-glycolic acid)
with random circular nanopits [139]. One study has compared EC
growth on pores against electrospun fibers. When a material with cir-
cular pores (700 nm in diameter with 5 pm center-to center spacing) was
compared with electrospun fibers (3.68 + 0.57 pm in diameter with 8.85
+ 4.40 um pores), no difference was found in cell adhesion (HUVECs)
after 24 h. However, proliferation was enhanced on the pore cast scaf-
fold and after 14 days only endothelial cells on the porous material
reached confluence [140]. These studies suggest that circular pits have
some benefits for endothelial growth, but further studies are needed to
elucidate the response, especially the dependence on pit size and depth.

In summary, dense circular nanopillars positively influence the
adhesion, morphology, and motility of endothelial cells. These sub-
strates are especially advantageous for studying cellular mechanisms
and pathways as the features on these surfaces can be accurately
controlled and modified one at a time. Still, little is known about what
causes cells to respond to nanopillars, but it is possible that the increase
in EC adhesion on these surfaces is due to an increase in ECM protein
adsorption. This adsorption might lead to change of cell adhesions sites
of these proteins probably because of increasing boundaries and surface
energy on the surface [141,142]. Carpender et al. found a correlation
between increased cell adhesion on nano hemispheres and increased
protein adsorption (fibronectin and collagen type IV). In this study, se-
ries of poly(lactic-co-glycolic acid hemispheres were fabricated with
diameters of 190, 300, 400, or 950 nm and cell adhesion investigated
[143]. However, since there was no consistent correlation found among
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the size of the templating features, the heights of surface features, and
the surface energy through water contact angle measurements, it is
unclear whether topographic differences or uncontrolled sample surface
chemical state was the cause for the differences in protein adsorption
and subsequent cell attachment.

3.4. Ridges and grooves

While pillars and pores are derived from zero-dimensional features
written in the plane, grated surfaces, consisting of ridges or grooves, are
derived from one-dimensional features of lines. Such surfaces display in-
plane anisotropy and influence the degree of endothelial cell elongation
and directional alignment via contact guidance [24,144,145]. The
geometric parameters of grated surfaces include the depths, the width,
and the spacing between adjacent ridges or grooves. As the endothelial
cells align and migrate parallel to the groove axis, the parameters of the
grating can be tuned to either enhance or decrease that response [145].
More importantly as recent studies have shown, grated materials are
also able to decrease the secretion of various inflammatory cytokines
and counteract tumor necrosis factor-o (TNF-a) induced inflammation
[24,144]. This property of the grated substrate is particularly promising
for translation into medical application where decreasing inflammation
is a critical factor for healing.

When the influence of individual parameters of the gratings was
investigated, it was found that the degree of alignment increases with
channel depth and reaches a maximum with 1 pm-deep channels [120].
This result was obtained in a study testing bovine aortic endothelial cells
on fibronectin-coated poly(dimethylsiloxane) gratings with depths of
200 nm, 500 nm, 1 pm, and 5 pm, at a constant spacing of 3.5 pm. F-actin
filaments and vinculin at focal adhesions also aligned with the groove
direction. Maximum alignment was found in 1 pm-deep channels after 1
h in culture [120]. In this case, it was found that the focal adhesions
localized at the edges and on the sidewalls and the cell alignment was
maintained at least until the cells reached near confluence. The response
of endothelium to align with the gratings is only present on surfaces with
dimensions less than 5 pm. Larger features did not cause the elongation
of cells and thus induced different focal adhesion localization [120,146].

When other aspects of the grating geometry were investigated, it was
found that the width of the grooves had the most pronounced effect on
the orientation and alignment when equal to or wider than 400 nm
[147]. Also, higher ratios of ridge to groove widths (1:1, 1:2 vs. 1:5)
resulted in greater endothelial cell elongation and directional alignment
[144].

Aside from alignment, less has been reported about other cell re-
sponses on grated material such as adhesion, proliferation, and migra-
tion. One paper showed that migration peaked on the 600 nm wide
grooves [147]. Only one study reported on the effect on proliferation,
but no differences were found between grated and smooth substrates
[120]. Cell adhesion, however, increased significantly when grating
spacing decreased to the nanometer scale (rat aortic endothelial cells on
titanium channels with widths and spacing of 750 nm, 1 pm, 2 pm and 5
pm) [146]. That trend towards better response on nanometric feature
sizes is consistent with what has been described in previous chapters on
endothelial behavior on pillars, pits, and fibrous materials.

How different endothelial cell types respond to topography is in
general not well understood. Only one study has compared the response
among different endothelial cell types. This study was on the effect of
grated material (300 nm in depth, and 200 nm - 2 pm wide) on orien-
tation/elongation, proliferation, and migration. Of the four tested cell
types (HUVECs, dermal microvascular endothelial cells, aortic endo-
thelial cells and saphenous vein endothelial cells), HUVEC cells were
unique in proliferating less in response to a decrease in topographic
feature size. This result indicates that different endothelial cell types
respond differently to topography [147].

One of the most interesting responses of endothelium to grated
substrates is the effect on inflammation. Evidence shows that the grated
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substrate can cause the endothelium to reduce the secretion of inflam-
matory cytokines when compared to flat substrate [144]. The link to
inflammation has been demonstrated in two studies. In one of them,
Uttayarat et al. created a tubular vascular graft based on electrospun
fibers textured with ridges and grooves on the inner, lumen side. The
fibrous substrate was made from polyurethane. The inner groove pat-
terns were obtained by electrospinning onto a cylindrical mold bearing
ridges and channels with the ridge width, channel width, and channel
depth being 3.6 + 0.2, 3.9 + 0.1 and 0.9 + 0.03 pm, respectively [111].
In addition to exhibiting an elongated morphology parallel to the micro
patterns, the ECs maintained their phenotype and were responsive to
stimulation with the pro-inflammatory cytokine TNF-o [111]. As pre-
viously mentioned, grated topographies have also been shown to
decrease the secretion of inflammatory cytokines. In static culture,
gratings of 550 nm ridge width, 600 nm depth and 1.10 pm groove width
lowered the secretion of IL-1f, IL-3 and MCP-1, compared to
un-patterned substrates [144]. Additionally, grated substrate of depth,
ridge and width of 1 pm inhibits NF-kB activation downstream of TNF-a
treatment. This anti-inflammatory effect has the potential to contribute
to an increased stability of the endothelium in vivo [24]. Finally grated
surfaces can be used to obtain confluent endothelium on a synthetic
substrate under flow starting from a minimal cell seeding (with only half
of the surface area covered with ECs) [70].

Overall, the literature shows that grated materials have an influence
on cell alignment and directionality and that it has the potential to
counteract TNF-« induced inflammation. Grated materials additionally
influence the adhesion and migration of the endothelium but the re-
sponses vary among endothelial cell types. The molecular mechanisms
mediating these observations remains to be studied.

4. Discussion

From the existing literature on endothelial cells, it is clear that sur-
face topography influencesadhesion, proliferation, morphology,
phenotype, as well as influencing cytokine production related to
inflammation. Ridges and grooves promote cellular alignment, reaching
a peak in 1 pm-deep channels, and can act in an anti-inflammatory way.
Aligned fiber also influence morphology and the degree of EC alignment.
Overall, nanostructures are more favorable to achieve improved
attachment and proliferation compared with microstructures. Beside
contact guidance, the underlying mechanisms that cause these cellular
effects in general are mostly unknown. Contact guidance is a mechanism
where the ECM enforces spatial constraints on the lamellipodia which
elongates the shape of the cell and hence enforces migration direction
[148]. However, despite the fact that other mechanistic research in these
directions is not well known, some hypotheses are emerging. In the next
sections, we discuss two pathways, differing by the location with respect
to the cell membrane where biochemical signaling starts. The first
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pathway is extracellularly-initiated, it begins with the adhesion of
extracellular proteins onto substrate surface nanostructures. The ag-
gregation and/or conformational change of these adsorbed proteins, in
turn, directs and promotes cellular adhesion, thus triggering cell re-
sponses. The second pathway is intracellularly-initiated. Following the
physical deformation of the cell membrane as it wraps around surface
nanostructures, intracellular curvature sensing and curvature inducing
proteins aggregate on the lumen side to trigger down-stream signaling.
Conceptually, these two topologically complementary hypotheses span
the complete space of possibilities; the cell needs to somehow receive
signal from the nanostructured surfaces, either indirectly from mole-
cules located in-between the cell membrane and the surface, or directly
from within its own lumen at high-curvature locations (see Fig. 3).

4.1. Protein adhesion

According to the so called “cell adhesion model”, cell adhesion to a
surface is higher with an increasing number of chemical bonds to that
surface [149-151]. An increase in the number of surface bonds can
occur via two mechanisms in the context of surface nanostructuring. The
first trivial mechanism is an increase in the effective surface area due to
increased roughness upon nanostructuring. The second mechanism is a
change in the chemical state of the surface, through the intermediacy of
altered protein adsorption behavior in the presence of surface nano-
structures. Existing studies seem to indicate that the second mechanism
is highly relevant under biological conditions. First, it has been
well-established in multiple studies that cell-surface bonding is chemi-
cally sensitive [152]. Specifically, the attachment of cells to chemically
well-defined self-assembled monolayers improves linearly with the hy-
drophilicity of the monolayer, as reflected by small water contact angles
[153]. Second, nanotopographies have been shown to not only affect the
conformation and elasticity of the adsorbed proteins [154,155], but to
also, more generally, direct the location and patterns of protein
adsorption as a function of the size and the shape of these features.
Features in the 10-200 nm range seem the most relevant, based on the
results of such studies. In general, they support cell attachment,
viability, proliferation and thus the time needed to form a monolayer
better than substrates with larger features. The relevance of the protein
adsorption interlayer is furthermore supported by the observation that
nanoscale surface topography does not influence cell adhesion in the
absence of serum [143,156]. Even though the characterization of
protein-nanostructure interactions is itself in its infancy, due to the
complexity of the underlying physical interactions, the general rele-
vance of the process seems highly plausible based on available evidence
[153,157,158].
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Fig. 3. Mechanistic hypothesis on the underlying mechanisms of nanotopography. a. Extracelluar protein adsorption precedes and directs endothelial attachment. b.
Nanotopography mechanically induces cell membrane curvature. This curvature activates downstream signaling.
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4.2. Curvature hypothesis

Increasing evidence supports that cell responses to nanotopography
are triggered by changes in the curvature of the cell membrane [159].
Recently, a hypothesis named the Curvature Hypothesis was presented
by Loue et al., proposing that intracellular proteins in various cell types
can recognize membrane curvature induced by features on the under-
lying substrate [159]. They observed that when the curvature is suffi-
ciently sharp, induced by underlying surface features corresponding to
below about 500 nm, these proteins activate downstream signaling
pathways that steer the subsequent response of the cell [159,160]. These
pathways enhance the process of clathrin-mediated endocytosis and
affect actin dynamics [160]. The intracellular proteins involved are
clathrin, dynamin-2,four different curvature-sensing proteins, F-BAR
protein FCHo1, N-BAR protein amphiphysin 1, and ENTH protein Epsin
1. The curvature of the nuclear membrane might also activate cellular
pathways, like chromatin pathways and gene expression [159,161,162].
Even though not demonstrated directly for endothelial cells, it is likely
that the underlying mechanisms are similar, as they show some of the
same characteristics and activated the response, i.e. the accumulation of
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actin fibers at the top of the nanopillars [20].

A 3D computation model has been created for cells, however not
specific to endothelium, that describes lamellipodium-based motion of
cells in arbitrarily shaped and topographically structured surroundings
[163]. The model uses curvature and cylindrical confinement and fibers
to simulate the cellular effect. The computations showed that confine-
ment, substrate curvature and topography modulate the cell’s speed,
shape, and actin organization. Furthermore, it was able to effect the
direction of motion along axes defined by the constraints [163].

4.3. Conclusion

The various types of structured surfaces that scientists and bio-
engineers have investigated to date, despite the diversity in materials,
structural details, and cell types used, together show several consistent
trends. From a practical engineering point of view, the trends we have so
far observed from electrospun membrane studies, for example, point to
the benefit of going to smaller ECM-inspired fibrous structures, based on
biologically derived polymers. Currently available fabrication methods
are limited and cannot, as yet, produce a material which approximates

Key aspect for the design of synthetic substrates for EC

Decellularized matrices

¢ Matrix that has all the components (proteins, stiffness
topography etc.) to serve as a scaffold

¢ |dentification and validation of key components and
structures that need to be present in the matrix after
decellularization
o Complete preservation of these components
e Exploring the use of in vitro grown ECM

Key concepts

Open topics

Electrospun scaffolds

e Fiber thickness in nanometer range < 500 nm
e Postprocessing to reach structures in < 500 nm
¢ Biological materials or blends over synthetic materials

¢ Implementing materials that include or better represent
EC ECM proteins
¢ Decreasing fiber size

Key concepts

Open topics

defined

Ridges and grooves

Cells align along the grooves
Protects EC from inflammation

Other cell responses than morphology needs to be

Combination of ridges and grooves with nanostructures
Application in designing structures that are able to
expand and contract

Key concepts

Open topics

Pillars and pits
[ )

e Nanostructures over microstructures

Determining optimal distribution and patterning
Nanofabrication techniques where the geometry can be
finely tuned in each dimension are optimal to study the
relationship between topography and cells

Key concepts

Open topics

Fig. 4. Key aspects for the design of substrates for endothelialization. SEM image of decellulaized matrix reprinted with permission from Ref. [39].. Grated substrate.

SEM image reprinted with permission from Ref. [70].

13



O. Bjorgvinsdottir et al.

the native matrix in material composition, structure, or function.
Research efforts might therefore be directed to developing methods to
produce such biologically-similar substrates. When looking at decellu-
larized ECM, there is tremendous potential for their use. However, its
full potential will only be achieved when all contaminants have been
identified and eliminated, and when decellularization protocols have
been refined so that all relevant parts for cellular function remain intact.
From a fundamental science point of view, the knowledge we have so far
is empirical and fragmentary. Studying and understanding the under-
lying molecular mechanisms in matrix-cell interactions, driven by both
intracellular and extracellular responses to topography, will be neces-
sary for the rational design of substrates with the optimal surface
properties. Balancing topography-specific responses against other
controllable factors (e.g. surface chemistry) will enhance the long-term
functionality of the endothelium in medical devices. A summary of key
aspects for the design of synthetic substrates for EC can be seen in Fig. 4.
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