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Abstract: Electrospinning is a popular method used to fabricate small-diameter vascular grafts.
However, the importance of structural characteristics of the scaffold determining interaction with en-
dothelial cells and their precursors and blood cells is still not exhaustively clear. This review discusses
current research on the significance and impact of scaffold architecture (fiber characteristics, porosity,
and surface roughness of material) on interactions between cells and blood with the material. In
addition, data about the effects of scaffold topography on cellular behaviour (adhesion, proliferation,
and migration) are necessary to improve the rational design of electrospun vascular grafts with a
long-term perspective.

Keywords: electrospinning; cell-scaffold interaction; architecture; small-diameter vascular graft;
endothelial cells; blood

1. Introduction

Cardiovascular diseases are the leading cause of disability and death worldwide, both
now and as assessed for the future by experts [1,2]. The main causes of impaired blood
flow in the vessel are occlusion and stenosis [3,4], demanding revascularization procedures
to restore normal blood flow. Percutaneous transcatheter technologies, such as balloon an-
gioplasty and stenting, are widely used to restore vascular patency [5]. However, in at least
30-40% of cases, these technologies are ineffective, and bypassing the defected area using
vascular grafts (VGs) is demanded [6,7]. In modern surgical practice, autologous blood
vessels, xenografts, or synthetic vascular grafts made of expanded poly(tetrafluoroethylene)
(ePTFE) or polyethylene terephthalate (PET) is a common practice [8,9]. However, it should
be noted that autologous blood vessels are rarely available [10], xenografts are prone
to aneurysms [8], whereas proposed synthetic grafts are apt to stenosis [11,12] and far
from desired small-diameter blood vessel (diameter less than 5 mm) substitutes in a long
time perspective.

Analysis of the world market for small-diameter vascular grafts (SDVGs) demonstrates
steady growth in demand for such products and especially for vascular grafts with im-
proved biological properties fabricated from synthetic polymers [13]. These improvements
must increase hemo- and biocompatibility, i.e., the ability of VG not to upset the blood
hemostasis system, namely aggregation and activation of platelets, adhesion of monocytes,
lysis of erythrocytes, etc. [14]. In accordance with modern concepts of biocompatibility, vas-
cular implants should not cause inflammatory reactions and should ensure the formation
of a continuous and functionally active endothelium layer on the inner surface [9,15]. The
presence of such an endothelial layer is postulated as the basis for the long-term functioning
of SDVG by elimination of blood contact with artificial materials and thus prime causes of
thrombosis or stenosis [16]. The endothelium in SDVG borders is considered to be formed
due to the proliferation of endothelial cells of an adjacent native artery, whereas a few
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millimeters away from anastomosis, it is formed by attaching circulating endothelial cell
precursors [16,17]. In any case, endothelialization as the basis of SDVG biocompatibility
depends on the potentiality of the SDVG surface to support adhesion and growth of specific
cells [17,18]. Matrix recognition by cells in blood is thus the overriding stage determining
the efficacy of SDVG materials. This review aimed to analyze the effect of electrospun
biomaterials’ structure variation on the cells-to-surface of interactions in the bloodstream
(adhesion, communication, and proliferation).

2. Steps of a Cell-to-Matrix Adhesion

The primary contact of the cells with the material initiates the change of the cell shape,
the induction of mechanical deformations, which leads to subsequent biochemical reactions
with the generation of signals that affect cell behavior, adhesion, proliferation, migration,
and differentiation [19]. There are several vital points regulating the behavior of cells in
cell-material interaction (Figure 1).

Cell Initial Cell Formation of
sedimentation attachment spreading focal adhesion

{
l

Electrospun scaffold

Figure 1. The successive stages of cell-scaffold interaction.

At the initial stage of cell contact with the surface of the scaffolds, the cytoskeleton
is deformed thanks to non-specific interactions with the surface (shearing stress) or cell
adhesion molecules [20]. This interaction leads to the growth of actin filaments and the
initiation of polymerization of single filaments induced by actin-myosin interactions. It
should be noted that the contraction of type II myosin during the maturation of focal
adhesions plays an important role in the regulation of actin filament polymerization and
cell movement [21]. Integrins adhering to the surface play an essential role at the early
stages of focal adhesion formation [22,23]. They indirectly interact with the actin cytoskele-
ton using adaptor proteins such as talin, filamin, tensin, parvin, or myosin X [24]. It is
known that clustering of integrins leads to the activation of focal adhesion kinase (FAK)
through autophosphorylation. The activated form of FAK kinase regulates the activity of
Rac1 guanosine triphosphatase, which contributes to the improvement of actin polymer-
ization with the formation of protrusions at the cell border and the subsequent formation
of adhesion sites. FAK can also increase the activity of Rho guanosine triphosphatase,
which induces the formation of stress fibers that are involved in the renewal of adhesion
sites [22,25].

An increase in the number of cell contacts with the surface of materials leads to the
next stage of cell-to-matrix interaction—cell adhesion. This stage is responsible for cell
morphology, cell proliferation and migration, as well as the structure and mechanical
integrity of the formed tissues [26]. During the formation of the cell layer on the surface of
the matrices, various types of intercellular contacts are formed (gap fusion, desmosomes,
tight contacts, etc.). It should be noted that receptors such as cadherins dominate in the
formation of intercellular contacts [27], while integrins are mainly required for focal cell
adhesion [23].

As a result of focal adhesion, cells attach to the matrix surface, and signaling between
the extracellular molecules and the cytoplasm is triggered. At this stage, the characteristics
of biomaterials, such as surface topography and structure, are also important since they
are recognized by cell receptors that initiate signals which affect cell behavior [25,28-31].
These aspects will be discussed in the following sections of the manuscript.
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3. The Role of Material Topography in Vascular Engineering

Electrospinning (ES) is a widely used method for non-woven fiber production, which
is used in industry, biotechnology and tissue engineering [32-36]. The main advantages
of using the electrospinning technique for VG production are the simplicity in manu-
facturing fibrous scaffolds from polymer solutions and the ability to imitate the natural
extracellular matrix (ECM) by producing scaffolds with native properties [37,38]. In this
context, polymers with biocompatibility and good mechanical properties, including poly
(e-caprolactone), polyurethanes, poly (glycerol-co-sebacate) or poly lactic acid are widely
used for fabrication of electrospun VGs [9,39,40]. It is worth mentioning that changing the
electrospinning procedure parameters (the applied electric field, the rotation speed of the
collector, flow rate, distance between the needle and collector, etc.) makes it possible to
produce fibers ranging from a few nanometers to micrometers in diameter packed in scaf-
folds with different fiber orientation and structure, varied scaffold surface morphologies,
and different porosity (Figure 2A) [41,42]. To characterize scaffold architecture parameters
the following methods are commonly applied: Scanning electron microscopy (diameter
and orientation of fibers, pore size, surface roughness, porosity), transmission electron
microscopy (diameter and nanostructure of fibers), atomic force microscopy (diameter and
nanostructure of fibers, surface roughness), etc. The methods used to determine scaffold
characteristics were reviewed in detail by Lopez Marquez et al. [43].

Architectue of electrospun scaffold
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Figure 2. Structural parameters of electrospun scaffold (A). Scaffold properties affecting the behavior
of cells (B).
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Changing the surface structure of the scaffold can influence the cell-material interac-
tion: Adhesion of the cells on the surface of the material and their ability to recognize the
scaffold [30]. Figure 2B provides a resume of the important scaffold parameters affecting
cellular behavior.

Data about the influence of the material architecture on cells of various origins con-

cerning attachment, growth, and invasion are summarized in Table 1.

Table 1. Characteristics of electrospun scaffolds and cell-to-matrix interaction in vitro/in vivo.

Structural Characteristics of Electrospun Scaffolds

Model
Polymer Di::::{ﬂ Pore Fiber Structure of Porosity Surface In Vitro/ Effects Ref
wm . Size, um Orientation Fibers (%) Roughness In Vivo
pore size promoted of cell
11.5; 50.4; ECFCs; infiltration into material
1 PCL 2;5;8;11 762; 1161 HUVECs fiber size influenced on cell [44]
phenotype and cell behavior
materials with fiber diameter 0.6
s . am . nm demonstrated homogeneously
2 PLGA 14 2'75’310'9/ g(’;?s/ 882?5, I;A%IELSZ;I;I proliferate of endothelial cells [45]
: e g - fiber size not effected on secretion
of prostacyclin
increase of fiber diameter
<1.2-3; 33.9-43; 1.46-1.5; stimulated platelet adhesion and
3 Degrapol; PLGA 5 226-368; 3.9-3.94; blood activation [46]
> 988-1623 5626 scaffold morphology is main than
chemistry of the polymers
fiber size induced changes in cell
shape and orientation, and control
migration velocity
4 PLGA 0.5;1;2;4;10 aligned HUVECs maximum expression of tyrosine [47]
kinase associated with focal
adhesion for materials with 0.5-2
pm fibers
fiber size affected the platelet
adhesion on the material surface
0.07: 0,58 (maximum adhesion for 0.07 pm
5 PCL 45,2.04, liened HUVECs; fibers, minimum—for fiber >2 pm "
aligne blood fiber size induced changes in 18]
cytoskeleton of HUVECs and has
not effect cell adhesion and
proliferation
dom: fiber orientation determined
PCL with 1 ra-n om; morphological and structural
6 V\ﬁ" type 0.1;0.3;1.2 ;eml:i. HUVECs changes (cell elongation, alignment, [49]
cotagen a]!.gn e d' and F-actin organization) of
aligne HUVECs
03-04; dom: materials with aligned fibers and
7 PCL 1'372'4’ rall," 013\, HUVECs diameter 0.3-0.4 pm significantly [50]
e aligne enhanced cellular proliferation
Gelatin with fibroblast random; fiber orientation determined cell
8 growth factor 0:83-1 aligned HUVECs morphology and alignment 1511
0.75; dom: Human mes- fiber orientation had a pronounced
9 PCL; PCL with gelatin 0' 6“»’ ra;\ mg’ 86;73 enchymal effect on cell morphology and [52]
o aligne stem cells orientation
fiber orientation increases adhesion
and proliferation of HUVECs, but
reduces cell viability of both type
random; HUVECs; cells
10 Copolyetheresterurethane 05,2 aligned SMCs materials with fibers 2 jm 53]
increases HUVECs proliferation
and cell viability, but reduces SMCs
viability
rabbit . . .
. ) 5 . random; N fiber orientation had a pronounced
11 PCL; PCL with gelatin 0.25;0.4 aligned cardl(t)myo- effect on cell morphology [54]
cytes
Poly(vinyl alcohol); random: mouse fiber orientation had a pronounced
12 poly(vinyl alcohol) 0.11 z;ligr:ed' fibroblast effect on cell morphology, had not [55]

with gelatin

(3T3)

effect cell proliferation
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Table 1. Cont.

Polymer

Structural Characteristics of Electrospun Scaffolds

Fiber
Diameter,
pm

Model
In Vitro/
In Vivo

Pore Fiber Effects Ref

Size, pm Orientation

Surface
Roughness

Structure of Porosity
Fibers (%)

13 PCL

3.6-3.7

fiber surface structure had not
effect on adhesion and proliferation
of HUVECs, adhesion of platelets
and fibrinogen adsorption.

porous -
fibers; HUVECs,

smooth blood
fibers

[56]

14 PCL

0.7;5.6

- macrophages cultured on
micro-fiber scaffolds tended to
polarize into the
immunomodulatory and tissue
remodeling phenotype (M2)

66; 83 [571
- PCL grafts with larger pores and

microfibers markedly enhanced cell

infiltration, vascularization and

efficient regeneration of functional

tunica media in comparison with

the PCL grafts with nanofibers.

macrophages
RAW264.7

4.6;41

rat AA

15 Polydioxanone

0.35;2.2;2.8

- pore size of the scaffold had a
stronger effect on the macrophage
phenotype compared to the fiber
diameter

correlation has been shown
between pore size and expression
of markers of the regenerative
(arginase 1)/inflammatory
(inducible nitric oxide synthase)
phenotype, as well as the secretion
of angiogenic cytokines (VEGF,
TGF-B 1 and bFGF)

mouse bone -
marrow-
derived
macrophages

1;10.5;15 69;81;83 [58]

16 PCL

04;27

- maximum rate of cell adhesion and
proliferation was observed for
scaffold with fibers of 2.7 pm and
a pore size of ~44-64 um

- pore size promoted cell
proliferation and infiltration into
materials regardless of fiber
diameter

0.1-1.8;
0.4-0.6; 8-10;
44-64

HUVECs [59,60]

17 PCL

0.8;22

- graft with 80% porosity had the

highest blood leakage rate (1.55 mL

x em™2 x minl).

pore size of scaffold did not affect [61]
the rate of endothelialization, the

formation and thickness of the

intima layer

3;9 60; 80 rat AA -

18 Polyurethane

0.9;1

- HUVEC:s effectively adhered to the

surface of scaffold with 80 %

porosity
2;4 53; 80 [62]
- Grafts with a pore size of 4 pm

and 80% porosity had efficiently

cell migration and proliferation

HUVECs

rat AA

- proliferation HUVECs depended

Hexyl methacrylate,
19 methyl methacrylate 5-12
and methacrylic acid

random;

aligned 18-84

HUVECs

more on the scaffold porosity than
on the fiber orientation in the
scaffold

[63]

20 PCL

0.11;0.8; 1.9;
34

calf
pulmonary -
artery
endothelial
cell line

maximum adhesion and
proliferation of endothelial cells [64]
‘was observed at Ra = 2.57 pm

0.67;1.47;
2.57,5.7

21 PLLA

0.23;3.5

- surface roughness had affect cell

0.28;1.5 behavior

HUVECs [65]

PCL—polycaprolactone; PLGA—poly(lactic-co-glycolic acid); PLLA—poly(L-lactic acid); HUVECs—umbilical
vein endothelial cells; SMCs—smooth muscle cells; rat AA—rat abdominal aorta; Ra—roughness.

3.1. The Influence of the Surface Topography on the Cells’ Interaction with the Materials
3.1.1. Fiber Diameter

Endothelialization of SDVG plays a pivotal role in maintaining their long-term func-
tion, suggesting design of surface structures that provides efficient interaction with
endotheliocytes—very large cells (up to 50 um spreading cells) and their small size pre-
cursors (around 20 um circular cells) [66]. In particular, it was found that changes in fiber
diameter can affect endothelial cell morphology, proliferation and migration (see Table 1,
lines 1,2,4,5,7). In addition, it can also lead to changes in cell differentiation.

For example, Fioretta et al. have found that variations of fiber diameter in PCL
scaffold from 2 to 11 um (2, 5, 8 and 11 pm) interfere with both endothelial colony forming
cells (ECFCs) and human umbilical vein endothelial cell (HUVEC) phenotype as well
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as cell infiltration into the matrix [44]. Small diameter fiber (2 um) matrices support the
growth of an endothelial monolayer on the surface of the PCL matrix but not cell migration
through the matrix, regardless of the cell line. The cell morphology, cytoskeleton, and
expression of cell markers (CD31 and «SMA) are similar in both endothelial cell types.
Cultivating ECFCs and HUVECs on matrices with 5-11 um fibers affects cell adhesion and
organization of the cellular cytoskeleton, and also promotes cell infiltration into matrices.
On large-diameter fibers, ECFC cells are characterized by the alignment of actin filaments
of the cytoskeleton along the axis of the fiber and the absence of intercellular contacts
between ECFCs attaching to different fibers. In contrast, HUVECs are characterized by an
arrangement of actin in a circle of fibers with collagen alignment in the same direction and
the absence of a continuous cell layer. At the same time, it was found that the interaction
of ECFC cells with 5-11 pm matrices results in the expression of x-smooth muscle actin, a
characteristic marker of smooth muscle cells, which indicates the influence of the matrix
structure on cell differentiation.

It should be noted that, when changing the fiber diameter, simultaneously the pore
diameter and the distance between the fibers (packing density) is changed, thus creating
conditions for the high rate of cell migration into matrices [58,63,67]. Moreover, it was
found that pore size has a higher effect on cell migration than fiber diameter [68], but as
a rule, in electrospinning, these two parameters are related to each other—matrices with
lower diameter of fiber have smaller pores.

A similar effect of fiber diameter on endothelial cell lines MILE SVEN 1 and CRL-2279
proliferation and migration was also observed for biodegradable PLGA scaffolds [45]. A
significant difference in the behavior of cells as a result of their interaction with the matrices
consisting of 0.2 and 0.6 um fibers was observed: At the initial period of cultivation (up
to seven days), cells more effectively adhere and proliferate on the surface of a matrix
with 0.2 um fibers, without cell migration into the material. However, during the period
from seven to 14 days of cell cultivation on matrices with a fiber diameter of 0.6 um, cell
proliferation increases by an average of three times due to cell infiltration compared to cells
cultured on matrices with 0.2 um fibers, preventing cell migration into matrices. At the
same time, matrices of 5 um fibers are characterized by the lowest rate of endothelial cell
proliferation throughout the entire cultivation period.

It should be noted that the interaction of cells with fibers of different diameters does
not affect the cellular secretion of prostacyclin [45], which can inhibit platelet activation, i.e.,
some cell functions are not related to the surface structure of the matrix but may be related
to the chemical composition of the fiber or not depend on the properties of the matrix at
all. Therefore, chemical properties of the material could be concerned with differences
observed for PCL and PLGA matrixes with different fiber diameters and not only related
with surface energy, contact angle, or fiber ultrastructure, but at the same time with fiber
density depending on the solvent, polymer charge, and ES conditions [69].

The influence of the fiber diameter within poly(lactic-co-glycolic acid) scaffolds on the
migration potential of cells and the expression of adhesive protein genes was evaluated
in Ahmed’s study [47]. It has been shown that variation of fiber diameter in an interval
from 0.5 to 10 pm can affect these processes. The maximum migration rate of endothelial
cells 12 h after the removing of the physical barrier is observed when they are cultivated on
matrices with a fiber diameter of 1 and 2 um. After 48 h of cultivation on matrices with
fiber diameters of 0.5, 1, and 2 um, almost the entire surface of the matrix is covered with a
monolayer of cells, compared with matrices with fiber diameters of 4 and 10 pm, where the
cells are located in some separate areas of the surface. These data indicate that increasing
the diameter of the fibers in the matrix reduces the efficiency of cell adhesion to the matrix
and reduces their ability to migrate through it.

As previously mentioned, fiber diameter also affects cell morphology: On the surface
of matrices with fiber diameter from 1 to 4 pm, elongated cells with a lower roundness
index in the range 0.2-0.16 are observed compared with matrices with a fiber diameter of
0.5 and 10 um (0.29 and 0.28, respectively). Using quantitative PCR, the authors studied
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the effect of fiber diameter in the matrix on the level of expression of secreted factors (IL-8,
VEGE, and FGF) and adhesion proteins (vinculin and FAK) during the cell cultivation
period on matrices with different fiber diameter. After 12 h on matrices with fiber diameters
from 0.5 to 2 um, a change in the expression of FAK tyrosine kinase, which is responsible
for focal cell adhesion, was detected, while cells cultivated on matrices with different fiber
diameter did not differ in the expression of the remaining five proteins [47].

3.1.2. Pore Size and Material Porosity

Considering the need for continuous and functional endothelium formed on the lumen
exposed surface of SDVG, not only fiber diameter but also the other structural properties of
SDVG wall, like pore size and porosity, must be taken into account. Pore size influences the
cells” ability to flatten out on the matrix surface and form intercellular interactions, which
in turn allows the formation of endothelial monolayer and influences the migration of
endothelial cells to the inner surface of graft from the side of the anastomoses. Pore size and
porosity determine the infiltration of cells into the graft wall and their viability (see Table 1,
lines 14-19). Porosity ensures the exchange of nutrients and metabolites through the SDVG
wall at rest and under the deformations induced by a pulse wave and stimulating the flow
of fluid between pores of different sizes. It should be noted that various combinations of
these parameters can affect the cell-matrix interaction, although researchers in this field do
not always take these considerations into account.

Indeed, in vitro and in vivo experiments have demonstrated the influence of not only
the fiber diameter, but also other parameters of the matrix. For example, it was found that
such characteristics of PCL-based material such as pore size and fiber diameter affect not
only cell migration, but also the polarization of macrophages [57]. Authors have shown
that matrices with pore size of about 30 um and fiber diameter of about 5-6 um stimulate
M2 macrophage polarization (pro-healing phenotype), while macrophages cultured on
matrices with micropores of about 1.7 pm and fiber diameter of about 0.7 um acquire
predominantly M1 phenotype (pro-inflammatory phenotype).

A similar effect of material structure on macrophage polarization was also observed
in a study by Garg et al. [58]. In this study the authors showed that the size of the matrix
pores had a stronger effect on the macrophage phenotype compared to the fiber diameter.
In another work, the authors found [47] that if the pore size of the matrices is smaller than
the cell size, then this parameter does not affect cell adhesion and cell migration in scaffolds
between matrices with fibers of different diameters.

The results of an in vivo study demonstrated that prostheses with macropores are
characterized by an increase in cell infiltration into the prosthesis wall and increased
secretion of the extracellular matrix, as well as by the vascularization process, compared
with prostheses with micropores. Valence et al. investigated the role of material pore
size under in vivo conditions using several types of vascular grafts as an example: PCL
single layer vascular grafts produced using electrospinning with different pore sizes (9 um
or 3 um), and PCL bilayer vascular grafts differing in the location of the slightly porous
layer [61]. It was found that the pore size of the inner layer in the graft does not affect the
rate of its endothelialization, the formation of the intima, and the thickness of the neointimal
layer (Figure 3). Applying in vivo vascular prosthesis with a low-porosity layer on the
inner side and a highly porous layer on the outer side leads to rapid neovascularization of
the graft wall, which is noticeable as early as three weeks after implantation. The authors
showed that placing a low-porosity layer on the outer side of the vascular graft inhibits cell
migration into the prosthesis wall, suggesting that most of the cellular infiltration into the
graft originates from surrounding tissues rather than from the bloodstream.
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Figure 3. In vivo evaluation of electrospun grafts with a low-porosity layer on either the luminal or
the adventitial side (reprinted from Ref. [61]. Copyright © 2012 Acta Materialia Inc. Published by
Elsevier Ltd.). SEM images of electrospun vascular grafts (A). The low-porosity and high-porosity
layers are marked as # and *, respectively. Image of H&E staining of the graft wall after 12 weeks’
implantation (B). Morphometric parameters of vascular grafts after 3 and 12 weeks of implantation
in the rat abdominal aorta (C). The adventitial cell invasion is indicated by ** p < 0.01; vascularization

is indicated by * p = 0.016.

It is known that the pore size weakly correlates with the porosity of the electrospun
scaffolds. For example, Garg et al. showed that increasing the pore size of a material
from 1 to 10 um leads to growth of the porosity from 69 to 81%; the porosity of the
material with pore size 10 to 15 pm corresponds to 81 and 83% [58]. In another work,
a twofold change in pore size increased scaffold porosity from 53 to 80% [62]. In vivo
experiment showed that cells effectively migrate into the vascular wall and demonstrated
their viability in a scaffold with a pore size of 4 um and porosity 80%, compared to the
scaffold with fine porosity. According to Bergmeister et al., HUVEC cells adhere and
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proliferate more efficiently on polyurethane matrices with high porosity (80%) compared
to matrices with less porosity (53%). In vivo experiments showed that vascular grafts with
high porosity are characterized by increased cell infiltration into the graft wall during the
entire observation time, compared with a vascular prosthesis with a lower porosity (53%).
TEM demonstrates that vascular graft with high porosity promotes the migration and
growth of myofibroblasts and myocytes in the SDVG wall six months after implantation,
while fragments of destroyed cells and their organelles accumulate in the wall of vascular
graft with low porosity. Similar data [63] on the effect of porosity on the viability of
endothelial cells were obtained for matrices with fiber diameters ranging from 5 to 12 um
and porosity from 18 to 84% produced by ES from methacrylic copolymers. It was found
that the adhesion of endothelial cells to the surface of matrices does not depend on the
matrix porosity and fiber orientation but depends on the conditions of cell incubation with
the matrix, namely the presence of serum in the medium. After four and seven days of cells
incubation with matrices, a dependence of the number of cells on the fiber orientation and
the matrix porosity was observed. The most significant number of cells after seven days
of incubation is observed on matrices with low porosity (18%), consisting of chaotically
(non-oriented) distributed fibers, compared with matrices containing both non-oriented
and oriented fibers, but having a higher porosity (35-84%). Thus, focal adhesion depends
not only on the surface topography, but also on the cell culture conditions, and the surface
topography plays an important role in regulating cell proliferation.

In any case, the above data suggest that the pore size can play a main or complementary
role concerning the fiber diameter in the cell-matrix interaction, depending on the types
of cells. Furthermore, the data of different studies on the effect of material porosity on
cell migration indicate the apparent importance of this parameter for cell invasion into the
material and de novo tissue formation.

3.1.3. Surface Roughness of Scaffold

Fiber diameter as well as the mode of their packing in the matrix determines surface
roughness [64], which can affect both cell adhesion and cell-to-cell interaction. Indeed,
many studies showed that endothelial cells interact differently with matrices that differ
in surface topography [70,71]. However, these data are difficult to compare and analyze,
because typical roughness parameters (describing the relief of the material) like Ra (the
average roughness) or Rt (the maximum profile roughness) are usually not presented.

The effect of the roughness of polyurethane 3 D-films on the adhesion and proliferation
of endothelial cells was investigated by Chung [70]. The results show that growth of the sur-
face roughness Ra from 10 to 100 nm increases adhesion and proliferation of HUVEC on the
surface of film materials. In another study [64], the authors investigated the contribution of
two surface parameters, fiber diameter (0.11-3.4 um) and surface roughness (0.67-5.7 um),
to the interaction of calf pulmonary artery endothelial cells with polycaprolactone materials
produced by ES. In vitro experiments showed that the maximal number of cells adhere on
the surface scaffolds with Ra = 1.54 and 2.57 um after 12 h, whereas after one to five days,
the maximum proliferation of endothelial cells is observed on PCL scaffolds with a surface
roughness of Ra = 2.57 pm, and 1.9 um fiber diameter. These data are consistent with the
data mentioned before, describing the effect of fiber size on the cell-matrix interaction [44].

Opposite results were obtained by other researchers [72]. It was found that HUVECs
effectively adhere and proliferate on the PLGA film characterized by a roughness of
0.135 pm. The rate of cell proliferation on these both ES scaffold types having a surface
roughness of 0.287 and 1.557 um did not differ and was on average 36-40% lower compared
to the film material, depending on the time of cell cultivation.

It should be noted that the surface roughness is an equivalent structural parameter,
as is the diameter of the fibers, since it determinates a number of cell-matrix contacts at
the matrix recognition stage and further. The optimal value of the surface roughness of
electrospun matrices for endotheliocytes is challenging to define due to many studies’ lack
of roughness characteristics. However, in summary, the data that presented the scaffolds
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with a roughness range up to 1.5 pm represent a good support for at least the proliferation
of endothelial cell.

3.1.4. Fiber Orientation

A number of studies [49-55] have shown that cell morphology and migration are
affected not only by fiber diameter, but also by their orientation in the scaffold. Indeed, it is
suggested that the fiber orientation in the matrix affects the initial stage of cell adhesion,
which further determines the strength of the interaction of the cellular layer with the matrix.
Naturally, as the study’s results show, fiber orientation is not the only parameter that
determines cell adhesion and growth.

The influence of fiber diameter (0.1, 0.3 and 1.2 pm), and the orientation (chaotic, par-
tially oriented and fully oriented, see Figure 4A) on the interaction of HUVEC endothelial
cells with matrices from a mixture of PCL and type I collagen was studied [49]. The authors
found that cells cultured on matrices with oriented fibers 0.1 and 0.3 um in diameter have
an elongated shape and are characterized by the parallel location of actin fibers with the
matrix fibers, with intense expression of VE-cadherin at the cell periphery at the points of
contact between cells and fibrous material (Figure 4B,C). For cells cultured on matrices with
a fiber diameter of 1.2 um, no effect of the orientation of matrix fibers on cell morphology
was found, and no overexpression of VE-cadherin in cells was observed. The endothelial
cell monolayer is formed on the surface of matrices with 0.1-0.3 pm fiber diameter, while
on the surface of matrices with 1.2 um fiber diameter; the continuous monolayer is not
formed, and cells tend to migrate into the matrix. It should be noted that, in contrast to the
static conditions of cell cultivation, under dynamic conditions, i.e., in a fluid flow at a shear
of 20-40 dyn/cm?, cell adhesion depends on the orientation of the fibers, and practically
does not depend on the fiber diameter (Figure 4D). At a shear of 20 dyn/cm?, 95% of the
cells adhere to the matrices with oriented fibers along the flow, but only 80% and 60% of the
cells adhere to the surface of the matrices with partially oriented and randomly directed
fibers, respectively. At a shear of 40 dyn/cm?, 62% of cells adhere to the surface of matrices
with oriented fibers, while 46% and 27% of cells adhere to the surface of matrices with
partially oriented and chaotically distributed fibers, respectively. These results demonstrate
that endothelial cells attach more efficiently to matrices with flow-oriented fibers, and they
support the formation of a continuous endothelium; thus, matrices with flow-oriented
fibers are better candidates for vascular graft tissue engineering.

Similar results were described in other works [50,51]. The authors compared the inter-
action of HUVECs with PCL scaffolds consisting of randomized and oriented microfibers
and nanofibers [50]. On the surface of matrices with oriented fibers with a diameter of 0.3
and 1.3 um, cells proliferate during the first five days of cultivation much faster compared
to matrices with random fibers (0.4 and 2.4 um diameters), have a spindle shape, and are
oriented along the matrix fibers. It should be noted that cells cultured on 0.3 pm oriented
fibers remain oriented along the fibers even at later times of cultivation. Concerning the
effect of fiber orientation on the morphology, orientation, and proliferation of HUVECs,
it was found that on oriented-fiber matrices produced by ES the cells (Figure 4E) are
distributed along the fibers” orientation and have a spindle shape [51]. Cells seeded on
matrices with random fiber orientation did not obtain this shape (Figure 4E). Thus, the
authors demonstrate that changes in cells under the influence of surface topography of the
matrix occur as a result of cell adhesion to the matrix, namely, cell elongation, alignment,
and organization of F-actin filaments indicate the importance of cell-matrix interaction. To
be fair, it is worth remembering that the chemical composition of the fibers is also important
and the patterns observed may not be so pronounced on other polymers, as well as when
fiber fusion occurs.
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Figure 4. The effect of the scaffold’s fiber orientation on HUVEC morphology and alignment on
electrospun scaffolds. The influence of fiber orientation and medium flow on interaction of endothelial
cells with scaffolds (reprinted from Ref. [49]. Copyright © 2013 Biotechnology and Bioengineering Inc.
Published by Wiley Periodicals). SEM image of electrospun PCL/collagen scaffolds (A). Fluorescent
images of cytoskeletal F-actin organization (B) and VE-cadherin expression (C) for endothelial cells
on scaffolds with varying fiber diameters and orientations. The number of cells that adhered to
materials after 60 min of continuous hydrodynamic shear stress (D). Image (E) was obtained by
fluorescent microscopy (cells were cultured with different scaffolds for five days and stained with
Alexa Fluor 488 Phalloidin and DAPI) (reprinted from Ref. [51]. Copyright © 2011 Acta Materialia
Inc. Published by Elsevier Ltd.)

Summarizing the data on the effect of material structure parameters (fiber size and
orientation, pore size, and porosity) on the processes determined by cell-material interac-
tion demonstrates that scaffolds with a fiber diameter of 0.1 to 0.5 pm are well suited for
SDVG as their surface is well compatible with endothelialization. As a result of the contact
of endothelial cells such scaffold, effective adhesion, and proliferation of endothelial cells
are observed with the formation of a cellular monolayer on the surface of the material, the
ability of cells to migrate is preserved, and, in general, there is no visible change in the
phenotype of endothelial cells. Using matrices with fiber diameter more than 1.5 um, the
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cell division rate, their ability to fill the surface and form a continuous layer, decreases,
and endothelial cells show tend to change into not typical phenotype. The unidirectional
orientation of the fibers in the matrix promotes endothelial cell adhesion and the formation
of a continuous endothelial layer. There are scaffolds with pores smaller than endothelial
cell size, low porosity, and roughness apt to be endothelized. It should be noted that
matrices with 0.1 um fibers do not meet the most important requirements for prostheses,
namely their strength; therefore scaffolds with about 1 um fibers represent compromised
solution for production of SDVG.

3.2. The Influence of the Material Topography on the Interaction with Blood Cells

Implantation of SDVG suggests its immediate contact with blood plasma and blood
cells; thus, hemocompatibility is an urgent demand. The primary source of early stenosis
is the activation of the blood coagulation system and thrombus formation due to the
interaction of blood cells with the scaffold surface. An analysis of the literature data
shows that the effect of the structural parameters of materials on the blood cell-scaffold
interaction is not studied enough. This section summarizes data on the interconnection
between structural parameters of materials and their blood-compatible properties (see
Table 1, lines 3,5,13,17).

It was found that the fiber diameter has a fundamental influence on the material
hemocompatibility as a result of direct contact with human blood, rather than the chemical
composition of the material. It was shown that an increase in fiber diameter in the electro-
spun matrix leads to an increase in surface roughness and porosity of the material. The use
of matrices with fiber diameter smaller than 1 pm causes less activation of the coagulation
cascade and less platelet adhesion than matrices consisting of larger fibers. Platelets adhere
more effectively to materials consisting of fibers with a diameter of 1-2 um, leading to
thrombin formation on their surface. At the same time, the highest adhesion and activation
of platelets and activation of the coagulation cascade are observed when using electrospun
materials with fiber diameter more than 5 microns. These results are consistent with other
data obtained in the study of other types of surface topography (pillars, struts [73-75])
showing that platelet adhesion and blood reaction depend on surface roughness [76,77].

Platelet adhesion is determined by the ability to adhere to scaffolds and penetrate deep
into the material. The small size of platelets allows them to form multiple contacts only with
scaffolds consisting of densely packed fibers of small diameter or with very large fibers and
pores. This suggestion was confirmed in reference [48], demonstrating that an increase in
fiber diameter in ES that produces PCL scaffolds from 0.07 to 3.4 um leads to a decrease in
platelet adhesion. The maximum adhesion of platelets is observed on the surface of scaffolds
with 0.07 pm fibers and amounts to 1.13 x 10° platelets/cm?; for fibers with diameter of
1.45 um or more, the number of adherent platelets is no more than 0.32 x 10° platelets/cm?.
In the same study it was found that erythrocytes (7.6 x 2 um size) are effectively retained
in the pores of the material upon contact with matrices with a fiber diameter of more than
1.45 um, which leads to an increase in the level of hemolysis, compared with scaffold
containing fibers of a smaller diameter. The scaffolds with a diameter of fibers ranging
from 0.58 to 1.45 pm demonstrate the best anticoagulant properties. Unfortunately, the
study did not provide data on scaffold porosity and surface roughness, which can be
directly interconnected with blood cell-scaffold interactions. It is logical to assume that
low-porosity materials are suitable for developing blood contacting devices, since blood
cells will enter the material in a minimum level with a minimal level of hemolysis and
platelet activation.

The results of the following work confirm the above hypothesis. In vivo study of
two-layer PCL electrospun grafts contained a low-porosity layer (pore size of 3 um and a
porosity of 60%) with localization inside or outside the graft lumen revealed a two- and
six-fold decrease in hemolysis, compared with the prosthesis-containing layer with pore
size of 9 um and a porosity of 80%. The harm from blood cells that penetrated the SDVG
wall was confirmed in the study [62], demonstrating that impregnation of blood cells in
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the wall of highly porous polyurethane vascular grafts (pore size about 4 um and porosity
80%) during implantation may promote parietal thrombosis. Nevertheless, according to
histological studies of explanted SDVG, they were not characterized by increased thrombus
formation and thus were assumed as suitable for vascular graft engineering.

The nano porosity of the fibers, arising due to solvent evaporation or phase separation,
in principle can contribute to the cell-to-matrix interaction. However, the reliable effects of
fiber structure (smooth or porous surface) on the interaction of scaffolds with blood cells
were well described. In a single study it was found that the scaffolds containing both porous
fibers and smooth fibers have similar blood clotting values, depending on the concentration
of platelet factor-4 in supernatants (about 400 ng depending on the blood donor) [56]. SEM
results have shown that the number of adherent platelets and erythrocytes, as well as the
area with formation of fibrin on the materials surface (Figure 5), does not depend on the
structure of the fiber.

fibers with smooth
surface

fibers with porous
surfac

Figure 5. SEM images were obtained after 1 h whole blood incubation on electrospun scaffolds
containing fibers with smooth or porous surface (reprinted from Ref. [56]. Copyright © 2018 Biointer-
phases Inc. Published by the American Vacuum Society.)

4. Conclusions

Structural properties of the surface of the scaffold are directly related to the formation
of cell contacts with the surface and cell adhesion, spreading, and proliferation. Therefore,
to form a cell monolayer, scaffold characteristics such as fiber diameter, fiber packing
density, porosity, and surface roughness are essential since they affect the possibility of
forming cell-scaffold contacts and the cell-to-cell interactions.

Considering the application as mentioned earlier of the materials, the following
structural characteristics of the materials are to be profitable:

— surface roughness of biomaterials on a scale of 50-300 nm;
— fiber diameter in the range 0.5-1 um;

— pore size in the range 3-7 um;

— porosity of electrospun scaffold about 35-80%.

It should be mentioned that these material characteristics are obtained at static condi-
tions. The blood pulse flow, shearing stress, and blood pressure could interfere with fiber
diameter and orientation, surface roughness, porosity, and thus cell-to-matrix interactions.
At the same time, long-term processes must be investigated together with the earlier sug-
gestion to reveal the importance of the individual surface characteristics of electrospun
scaffold and reveal the optimal material for SDVG fabrication.
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