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Abstract

Occlusion by thrombosis due to the absence of the endothelial cell (EC) layer
is one of the most frequent causes of failure of artificial vascular grafts. Bioin-
spired surface structures may have a potential to reduce the adhesion of platelets
contributing to hemostasis. The aim of this PhD research was to design a suit-
able microstructured surface mimicking the EC morphology for synthetic vascu-
lar grafts that inhibits the platelet adhesion and aggregation, the main cause of

thrombosis.

Platelet adhesion as a function of the microstructure dimensions was investigated
under flow conditions on polydimethylsiloxane (PDMS) surfaces by a combined
experimental and theoretical approach. Platelet adhesion was statistically signif-
icantly reduced (by up to 78 %; p < 0.05) on the microstructured PDMS surfaces
compared to that on the unstructured control surface. Finite element method
(FEM) simulations of blood flow dynamic revealed that on the surfaces with the
highest differences of the shear stress between the top of the microstructures and

the ground areas, platelet adhesion was reduced most.

The relationships between EC geometrical parameters in different natural blood
vessels and shear stress were statistically investigated and found to be exponen-
tial. By using FEM simulations of different EC computational models created
based on the real EC found in the previous step, the pyramid model with sug-
gested geometrical parameters was found the most suitable model for bioinspired
microstructured surface of vascular grafts inducing the highest shear difference be-
tween top and ground of the microstructures which may, thereby, reduce platelet

adhesion.

These findings provide new insight into the fundamental mechanisms of reducing

platelet adhesion on bioinspired microstructured surfaces.



Zusammenfassung

Thrombotische Okklusion, induziert durch das Fehlen der Endothelzellen (EZ), ist
eine der haufigsten Ursachen fiir das Versagen von kiinstlichen Blutgeféfen. Eine
potentielle Moglichkeit die Ablagerung von Thrombozyten zu reduzieren, ist die
Verwendung von bioinspirierten Oberflichenstrukturen. Ziel dieser Doktorarbeit
war es eine mikrostrukturierte Oberflache, welche die EZ-Morphologie nachahmt,
zu entwickelt, um in kiinstlichen Blutgefaffen die Blutplattchen-Adhésion und

Aggregation zu verringern, welche die Hauptursache der Thrombose ist.

Die Thrombozytenablagerung wurde als Funktion der Mikrostrukturdimensio-
nen unter Stromungsbedingungen auf Polydimethylsiloxan (PDMS)-Oberflichen
mittels einer Kombination aus experimentellen und theoretischen Ansétzen unter-
sucht. Dabei wurde die Thrombozytenablagerung auf mikrostrukturierten PDMS
Oberflachen im Vergleich zur unstrukturierten Kontrolloberflache statistisch sig-
nifikant verringert (bis zu 78 %; p < 0.05). Die Simulation des Blutflusses mittels
der Finite-Elemente-Methode (FEM) auf verschiedenen Oberflachenstrukturen
ergab, dass auf Oberflachen mit den héchsten Schubspannungsunterschieden zwis-
chen Spitze und Boden der Mikrostrukturen die Thrombozytenablagerung am

starksten reduziert war.

Die Beziehung zwischen den geometrischen Parametern der EZ verschiedener
natiirlicher Blutgefifie und der Scherspannung wurde statistisch untersucht. Dabei
wurde eine exponentielle Abhéngigkeit beider Faktoren aufgezeigt. Durch FEM-
Simulationen des Blutflusses auf verschiedene EZ-Computermodelle, welche auf
den realen EZ des vorherigen Schrittes basieren, wurde das Pyramidenmodell
mit den vorgeschlagenen geometrischen Parametern als das geeignetste Modell fiir
bioinspirierte und mikrostrukturierte Oberflichen von Blutgefifsen nachgewiesen.
Dieses Modell fithrt zu den hochsten Schubspannungsunterschieden zwischen der
Spitze und dem Boden der Mikrostrukturen, welche die Blutplattchen-Adhésion

reduzieren.

Diese Ergebnisse liefern neue Einblicke in die grundlegenden Mechanismen der re-

duzierten Thrombozytenablagerung auf bioinspirierten und mikrostrukturierten
Oberflachen.
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Introduction

Peripheral arterial disease (PAD) is a very common disease in western coun-
tries [1]. Stenoses and occlusion of peripheral arteries due to atherosclerosis may
cause typical symptom of claudication and necrosis of affected leg. To treat this
symptom and to prevent amputation, it is necessary to revascularize the ischemic
tissue. Surgically created long vascular conduit (bypasses) can bring the blood
to the arteries distally to the occluded segment. During last 20 years minimal-
invasive endovascular methods have developed rapidly to treat arterial stenose
and occlusion. Less invasively endovascular revascularization represents a ma-
jor benefit in the treatment of the often multimorbid patients. Nevertheless of
the rapid development of endovascular skills and technique, the results for long-
distant arterial occlusion are unsatisfactory and bypass surgery represents the
best option for these lesion and after failure of endovascular treatment.
Autogenous vein grafts have been widely used in the field of reconstructive
arterial surgery [2, 3]. They seem to be an ideal substitute for occluded arteries
due to atherosclerosis. Nevertheless, long-term observation have revealed several
disadvantages of using autologous vein grafts, such as size discrepancy, intimal
thickening, intimal hyperplasia, thickening of the venous valves, and aneurysmal
dilatation. However, the major drawback of autogenous vein grafts for arterial
reconstruction is that in 30-50% of these patients these superficial veins for graft-
ing are inadequate or unavailable [4, 5, 6]. That results in the need for alternative

vascular grafts [7].




Nowadays, artificial vascular grafts are used as bypasses for long-distant arter-
ies occluded due to atherosclerosis in the case of the unavailability of a suitable au-
tologous vein graft 8, 9, 10, 11]. The materials which are largely used for vascular
grafts are expanded polytetrafuroethylene (ePTFE) or polyethylene terephthalate
(Dacron) and polyurethane (PU). These materials possess remarkable properties,
such as biocompatibility, high flexibility, elasticity and a low coefficient of friction
[12]. In the last two decades, many researchers have attempted to fabricate small-
diameter synthetic vascular grafts for arterial substitutes. However, thrombosis
and the formation of anastomosis stenosis due to intimal hyperplasia are still ma-
jor failures of synthetic vascular grafts, especially for bypasses to distal arteries
with a small diameter (< 6mm) [11, 13]. For this case, saphenous vein has shown
better performance as a vascular substitute [5, 12, 14, 15]. So far, some clinical
studies have demonstrated that synthetic vascular grafts with diameters greater
than 6 mm perform well in high flow with 5-10 year patency rates of 90%. In
contrast, synthetic vascular grafts with diameters smaller than 6 mm to distal
popliteal or crural arteries have a significant more worse and come compared to
equivalent vein bypasses with a 5 year a patency less than 30% [8, 11, 16, 17, 18§].

The poor patency rate of synthetic vascular grafts due to thrombosis is the
main motivation for further investigations of mimicking the biological and physi-
cal functions of natural vasculature to improve the performance of vascular grafts.
The state-of-the-art approaches against thrombosis formation on vascular graft in-
ner wall are endothelialization, coating with anticoagulants and nano- and micro-

structured surfaces of the inner surface of vascular grafts.




Background

This chapter gives an introduction about the characteristics of platelets and an
overview about the mechanisms of thrombosis formation on biomaterial. The
effect of hemodynamic factors on thrombosis formation are also discussed in this

chapter.

2.1 Platelets

Platelets, also called thrombocytes, are blood cells whose main function is to con-
tribute to hemostasis. They are designed to initially arrest bleeding through
formation of platelet plugs and stabilize the initial platelet plugs by catalyzing
coagulation reactions leading to the formation of fibrin. In mammals platelets
are nonnucleated, disk-shaped cells which having a diameter of 2um — 4um and
an average volume of 10 x 10~ mm3. Platelets originate from the cytoplasm of
bone marrow and circulate at an average concentration of about 250,000 cells per
microliter of whole blood [§].

The external platelet membrane surface consists of membrane-bound recep-
tors (e.g. glycoproteins Ib and IIb/IIIa) which play a key role in hemostasis.
They mediate the contact reactions of adhesion (platelet-surface interactions)
and aggregation (platelet-platelet interactions) [8].

Platelets are extremely sensitive cells that may respond to minimal stimu-

lations. Activation causes platelets to become sticky and change in shape to




2.1 Platelets

irregular spheres with spiny pseudopods. Platelet activation is initiated by the
interaction of an extracellular stimulus with the platelet receptors on the platelet
plasma membrane surface. Activation of platelets leads to the internal contrac-
tion and extrusion of storage granule contents into the extracellular environment
which stimulate other platelets, leading to irreversible platelet aggregation and

the formation of platelet thrombus [§].
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Figure 2.1: Platelet adhesion and aggregation on subendothelium to create blood
clotting [19]

The process of stopping bleeding at the site of interrupted endothelium is
shown in Figure 2.1. Platelets adhere firstly to a von Willebrand factor (vWF)/
collagen matrix on the sudendothelium. They get activated and change their
shape, concurently, they secrete their stored granular contents including ADP,
serotonin, platelet-activating factor (PAF), platelet factor 4, and thromboxane A2
(TXA2), which, in turn, activate additional platelets. Platelets express certain
receptors, some of which are used for the adhesion of platelets to collagen. When

platelets are activated, they express glycoprotein receptors that interact with




2.2 Mechanisms of thrombosis formation on biomaterial
surfaces

other platelets, producing aggregation and adhesion. They produce thrombin
after developing a procoagulant surface, and form a contracted thrombus with
fibrin [19].

2.2 Mechanisms of thrombosis formation on bio-

material surfaces

Thrombosis is a complex pathophysiological process that may be induced by a
variety of potential risk factors, such as physiological, biochemical, genetic and
hemodynamic factors. The main triggers of thrombus formation on a biomaterial
are platelet adhesion, activation and aggregation. Natural blood vessels have a
host of structural properties, which combined with endothelial cells, to prevent
the triggering of platelet adhesion and clotting cascade [20]. Although platelets
show no interaction with the intact inner surface of normal blood vessels, they are
extremely sensitive when they come into contact with any thrombogenic surface
such as injured endothelium, subendothelium and artificial surfaces. [8].

When a biomaterial comes into contact with blood, after a short time (less
than 1 second) the luminal surface of the graft becomes coated with plasma
proteins, primarily fibrinogen and von Willebrand Factor (vWF') [21],[22],[23],[24].
They are the two most important proteins mediating thrombus formation. In a
time frame which lasts somewhere between a few seconds to a minute, a monolayer
of protein can be observed on the biomaterial surfaces. Protein absorption on the
surface is the biological foundation for the next interaction between cells and a
synthetic surfaces.

Due to the blood flow, platelets move with quite high velocity. Immobilized
von Willebrand factor is the protein that can catch fast moving platelets (Fig.
2.2) |26],]27]. It is mediated by the interaction between GPIb integrin receptors
on platelet membranes with absorbed vWF proteins on the graft surface. The
adhesion of platelets to vWF occurs rapidly but is reversible. There are attach-
ments and detachments between GPIb receptors and vWF, and consequently, the
velocity of platelets is slowed down and platelets roll on the graft surface. The

slowed-down platelets will then interact with absorbed fibrinogen on the graft
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Figure 2.2: Schematic representation of platelet adhesion to an artificial surface
under flow conditions through interaction with surface adsorbed adhesion molecules
like fibrinogen, von Willebrand factor, vitronectin and fibronectin [25]

surface, mediated by platelet glycoprotein IIb/IIla (integrin al7b33). In addi-
tion, the platelet receptor GPVI also interacts with absorbed fibrinogen and this
leads to firm platelet adhesion on the graft surface [28],[29]. The adhered platelets
will be activated and can change their biological activity. They can release active
compounds, recruit other cells, aggregate, replicate and die. The activation of a
platelet is accompanied by internal contraction and extrusion of the storage gran-
ule contents into an extracellular environment. Secreted platelet products such
as ADP stimulate other platelets, leading to irreversible platelet aggregation and
the formation of a fused platelet-fibrin aggregate [30].

When the synthetic vascular graft is implanted, this platelet-fibrin layer devel-
ops over time to create a pseudointima [8]. When endothelial cells of the natural

blood vessels cover this layer simulating the inner layer of a native blood vessel
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Figure 2.3: Schematic diagram of a vascular graft connected with a natural artery.
Smooth muscle cells migrate from the media to the intima of the adjacent artery
and extend over and proliferate on the graft surface. This smooth muscle cell layer
is covered by endothelial cells [§]

and serving as a nonthrombogenic surface, it is called a neointima [8]. Unfor-
tunately, humans have a very limited ability to endothelialize synthetic vascular
grafts to develop a true neointima. The endothelial cells only cover a 10 to 15
mm pseudointima zone adjacent to the anastomosis [8]. The remaining areas
of the synthetic vascular graft that are not covered by endothelial cells will act
as adhesion points for protein adsorption and blood components (Fig. 2.3)[8].
Platelets can adhere to graft surface areas which are not covered by endothelial
cells to initiate thrombus formation [8]. Therefore incomplete endothelial cell

coverage is a significant reason in the failure of synthetic vascular grafts.

2.3 Effect of hemodynamic factors on thrombosis

formation

Hemodynamic factors are considered one of the most important factors which af-
fect thrombus formation or platelet adhesion. Many studies have investigated the
formation of platelet deposition under different hemodynamic conditions [31],[32].

Two important definitions in hemodynamics are shear stress and shear rate. They
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have different effects on cellular adhesive interaction. Shear rate is the rate of
change of velocity at which one layer of fluid passes over an adjacent layer [33].
The shear rate is directly related to blood velocity and high shear rate limits the
time of contact between platelets and the vessel wall. This means a higher shear
rate condition will decrease the contact between platelet membrane receptors and
immobilized protein on the vessel wall. Consequently, cell recruitment onto the
surface decreases with increasing shear rate. Shear stress is defined as the com-
ponent of stress coplanar with a material cross section. Shear stress influences
the lifetime of an adhesive bond once formed, and the consequence is decreased
efficiency caused by detachment of adherent cells with increasing shear stress [33].
In natural arteries, hemodynamic factors play an important role not only
in regulating arterial blood pressure and oxygen supply in the tissue but also
in vascular diseases, such as atherosclerosis, aneurysm and thrombus formation
[34]. One example is the carotid bifurcation where the blood flow disorders in the
direction. This leads to stagnation of blood flow and low and oscillatory shear
stress in this area. Therefore, this area is often the site where atherosclerotic
plaques may develop. Investigations in vitro and in vivo have revealed the effect
of low and oscillatory shear stress on endothelial cell dysfunction [34]. Under
physiological shear (> 10 dynes/cm?), endothelial cells align in the direction of
flow whereas they do not when exposed to low shear stress (< 4 dynes/cm?)
[34]. Low and oscillatory shear stress leads to the inhibition of NO-synthase
and increase in apoptosis. They contribute to endothelial cell dysfunction and
consequently increase platelet activation and thrombus formation [34].
Hemodynamic factors play not only a role in arterial disease in natural blood
vessels, but also major determinants in the function of synthetic vascular grafts.
When a synthetic vascular graft is implanted, intimal hyperplasia develops to
various degrees, especially over the the anastomosis. It is the primary cause of
restenosis of the vascular grafts [35]. Thereby, the blood flow is disturbed at
the anastomosis and the blood flow rate is also reduced. An important aspect
of blood-material interaction is platelet activation, adhesion, and subsequent ag-
gregation of blood platelets on the artificial surface, which are directly affected
by local fluid dynamics. Low and oscillatory wall shear stress seems to be re-

sponsible for the failure of vascular grafts [36]. Flow disturbance is a principal
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driver of platelet aggregation and thrombus formation [37]. Maximum platelet
deposition was observed in areas of flow recirculation and reattachment or local
curved streamlines and minimum in locations of high shear stress [36].

The effect of hemodynamic factors on platelet attachment to thrombogenic
surfaces is quite different in different shear stress or shear rate range. Platelet
adhesion to thrombogenic surfaces under a shear rate of approximately 1000 s+
appears to be absolutely dependent on the interaction between fibrinogen and the
platelet GPIIb/IIIa (alIbB33) receptor [38]. In addition, the absorbed amount of
fibrinogen was proved to decrease with the increasing shear rate [39]. At the shear
rate from 1000 s~ to 10000 s~!, platelet aggregation to surface is a two-stage
process. It is absolutely dependent on the platelet GPIba receptor [38]. The
necessary adhesive protein for this process is mainly plasma vWEF. Platelets will
be initially captured by immobilized vWF via the GPIb/V/IX, become activated
and firmly attach to the thrombogenetic surface through al7b53 and GPIV re-

ceptors [38]. At an extreme high shear rate above 10000 s~

, platelets can directly
interact with soluble multimeric vVWF in the flow to initiate platelet aggregation.
This process is no longer dependent on the function of o/ b33 receptors. At this
shear rate threshold and above, active A1 domains in soluble VWF multimers are
exposed and allow the binding of platelet GPIba and additional platelet recruit-
ment without the stimulation of platelets [38]. The formed platelet aggregation is
unstable, whereas shear rate above 20000 s~! platelets, adhesion to immobilized
VWF which are stretched into elongated structures becomes the core of aggre-
gates that can persist on the surface for minutes [40]. In another study, platelet
adhesion and aggregation is concluded to be observed in the range of shear stress
approximately 1 to 200 dynes/cm?. Within this range, when the shear stress is
higher than 30 dynes/cm?, platelet adhesion and aggregation depend on vWF
binding to platelets Gplb/IX/V and GplIb-IIla [41].




Literature review

This chapter provides an overview of the state-of-the-art approaches to address
thrombosis formation on the vascular graft inner wall. Traditional method in
preventing platelet adhesion on the vascular graft is endothelialization by biofuc-
tionalization and physical modifications of graft surfaces. Another approach to
reduce platelet adhesion is coating the inner surface of vascular grafts with anti-
coagulants. Recent novel approach to improve performance of vascular grafts is
bioinspired surface mimicking topography of natural blood vessel surfaces which

can reduce platelet adhesion.

3.1 Endothelialization approaches for the inner sur-

face of vascular grafts

In natural blood vessels, endothelium plays a pivotal role in the control of vascu-
lar functions, especially haemostasis and thrombosis [42]|. The healthy endothelial
cells (ECs) provide a haemocompatible layer by controlling the platelet adhesion,
aggregation, coagulation and fibrinolysis [42, 43, 44]. The anticoagulant and an-
tithrombotic properties of ECs are due to the regulated secretion of antiplatelet
agents including protacylin and nitric oxide [42, 43]. In the last few decades, in-
tensive research has focused on polymer functionalization by modifying the inner
wall of vascular grafts for better endothelialization to improve the biocompatibil-

ity of vascular grafts. Many strategies have been developed to establish a complete
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3.1 Endothelialization approaches for the inner surface of
vascular grafts

endothelium on the inner wall of vascular grafts before implantation. Investiga-
tions of in vitro endothelialization have shown that the confluent endothelium can
prevent thrombosis formation and consequently improve the long term patency of
vascular grafts [45, 46, 47, 48]. These strategies have been somewhat successful,
but the endothelial cell layer is not completely built on the inner surface of vas-
cular grafts. The endothelial cells cannot persist for a long time when the blood
flow circulates in the vascular grafts. Consequently, endothelialization method
have not revealed better results in preventing thrombosis formation compared to
bare vascular grafts. In vitro endothelialization procedures are labor intensive
and require a considerable amount of time and expertise to extract and culture

the cells until they become mature endothelial cells. These reasons make the in

vitro endothelialization process costly and unable to be used widely [49, 50].

Figure 3.1: Biofunctional of the implant surface to to catch EPCs from the blood
flow to enhance in situ endothelialization [51].

In situ endothelialization methods have been established for endothelial cell
seeding on the vascular graft inner wall using biofunctional molecules or other
components (Fig. 3.1) to mobilize autologous cells within the vasculature to the
graft postimplantation. Targeted cells for in situ endothelialization are in vivo
circulating ECs and endothelial progenitor cells (EPCs). These EPCs are derived
from bone marrow and circulate in the blood flow [52, 53, 54]. EPCs also play a
critical role in vascular formation and they possess the ability to differentiate into

endothelial cells due to their high proliferative capacity [55, 56, 57]. Circulating
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vascular grafts

EPCs have been identified as a crucial factor and a promising autologous cell
source for the endothelialization process of synthetic vascular grafts after implan-
tation which can prevent thrombosis and hyperplasia. Grafts seeded with EPCs

have been demonstrated a high patency in animal models |58, 59].

3.1.1 Biofuctionalization of biomaterials for accelerated in

situ endothelialization

As a living organism, cells are responsive to stimuli from their surrounding en-
vironment. In vivo cells are in contact with the extra cellular matriz (ECM)
[60, 61, 62]. The ECM is the extracellular part of the cell structure that provides
structural and biochemical support to the surrounding cells. In addition, the
ECM contains a wide range of growth factors and is a local source of cell sig-
nals. Therefore, the ECM can regulate intercellular communication and a cell’s
dynamic behavior. One strategy to enhance endothelialization on the inner wall
of vascular grafts is to mimic the features of ECM |63, 64]. In order to mimick the
properties of the ECM for vascular grafts, it is important to promote desirable
protein adsorption and subsequently, desirable cellular interaction. Material sur-
faces can therefore be modified by using growth factors, biofunctional molecules
to promote desirable EPCs for in situ endothelialization.

Growth factors are protein molecules which have the ability to regulate cell
growth, proliferation and differentiation. They act as signaling molecules between
cells and just bind to specific receptors on the surface membrane of their target
cells. It has been proven that growth factors can induce host progenitor cell
mobilization and recruitment [65, 66, 67]. Synthetic vascular grafts modified
with specific biofunctional molecules such as antibodies, peptides and aptamers
to capture the circulating EPCs directly from the blood stream after implantation

have shown better in situ endothelialization [68].
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vascular grafts

3.1.2 Physical modification of inner graft surfaces for EPCs

adhesion and proliferation

ECs are strongly affected by the surrounding environment and the mechani-
cal properties or topography of the substrate. These factors can influence cell
adhesion, proliferation and cell morphology. Therefore, the physical modifica-
tion approach by changing mechanical properties, porosity of material or surface
roughness has been widely used to improve endothelialization in vascular grafts
[69, 70, 71].

Fiber alignment

Numerous studies have demonstrated that the fiber alignment in scaffolds
may serve as a biomimetic tool to induce cell orientation and in situ migration
[72, 73, 74]. In the last three decades, a biodegradable scaffold approach which
mimicking the morphological and mechanical properties of natural blood vessels
was improved to became a good blood vessel substitute in revascularization. The
advantage of this approach is that the architecture of these scaffolds, in which
endothelial cells are seeded, can be designed in any desirable shape using the
electrospinning technique |75, 76, 77].

Nano- and microstructured surfaces

The nano- and microstructured surfaces may influence the EPCs/ECs adhe-
sion, migration and elongation by altering the surface protein absorption |78,
79, 80]. Hence, the micro- or nano-pattern technique based on micro-contact
printing has been the most widely studied approach for the design of these ma-
terials. Using this technique, spatially defined patterns of ECM proteins or other
biomolecules can be prepared on biomaterial surfaces to guide the overall cell
shape, the adhesion sizes and locations [81, 82].

Porosity

Porosity of biomaterial is also an important factor which affects endothelial
cell coverage on surfaces. In order to generate a homogeneous cell distribution,
the porosity of the surface must be small enough so that the endothelial cell can
migrate across the porous structure and cover the whole surface. The endothelial
cells were shown not to be able to cover pores of 80 um or more in diameter, and

they are unaffected by pores of 30 um or less [83].
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3.2 Coating with anticoagulants

Heparin is a polysaccharide anticoagulant with potent inhibitory effects on coag-
ulation which are widely used in clinical prevention and treatment of thrombosis
[84]. The anticoagulant effect of heparin lies in its ability to inhibit thrombin and
activated factor which are involved in the conversion of prothrombin to throm-
bin, thereby reducing thrombin formation through an antithrombin mechanism
[85]. Heparin is able to bind to and enhance the inhibitory activity of the plasma
protein antithrombin against several serine proteases of the coagulation system
through a high affinity pentasaccharide [86].

One potential strategy for reducing thrombogenicity of prosthetic materials
is to incorporate heparin into the biomaterials to inhibit intrinsic thrombogenic-
ity, leading to a better patency rates for vascular reconstructions with vascular
grafts [87, 88, 89]. Heparin immobilization techniques have been widely investi-
gated including physisorption, electrostatic deposition, and covalent bonding to
surfaces. Heparin-bonded vascular grafts have shown favorable results in animal
models and humans compared with untreated vascular grafts. Some of the ideal
functional characteristics of a heparinized graft include uniform heparinization,
retention of heparin on the graft surface, and maintenance of heparin bioactivity
[90].

Heparin coating on the surface of vascualr grafts by physical adsorption could
maintain its bioactivity. However, the quick leaching of heparin compared to other
techniques, leading to the unprotected surface ares of vascualr grafts [91]. In con-
trast, covalent coupling technique could enhance the stability of the immobilized
heparin but lower the bioactivity of heparin [91]. The use of heparin-releasing
coating so that the bioactive heparin can be slowly released into the boundary
layer of grafts over a period of time has been investigated to enhance the patency
of vascular grafts. In this way, heparin is controlled at low-dose levels and be

available at exactly where it is needed [91].
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3.3 Bioinspired nano- and microstructured sur-

face approach

The definition of bioinspired materials has been well-known for some decades.
It refers to synthetic materials whose desired structures, properties or functions
mimic those of natural materials or living matter. The effect of natural nano- and
microstructures on fluid dynamics interests more investigations nowadays. Fluid
dynamic behavior in nano- and microscale systems is quite different from those in
a macroscopic system. Macroscopic structures are considered to act against the
fluid low which result in a high pressure drop. In contrast, some natural nano-and
microstructures have been shown to have properties of low drag, self-cleaning and
low adhesion of contaminants on the surface [92],[93]. Certain plant leaves such
as lotus leaves, are widely known to be superhydrophobic and self-cleaning due
to the micro and nanostructures (hierarchical structure) of their surface [93],[94].
Another familiar example of biomimetics is shark skin structures which have been
applied to the development of competitive (faster) swimwear due to their ability
to reduce vortices flow on the surface [95],[96]. Artificial surfaces with periodic
microstructures were also demonstrated to be able to reduce drag more than a
smooth surface with the same material and to possess self-cleaning ability [93, 97].

Recently, several studies have investigated a new approach of bioinsprired
surface to improve the blood compatibility of vascular grafts. The main goal of
this approach is to create a nano/microstructured surfaces mimicking the sur-
face topography of natural blood vessels which can reduce platelet adhesion and

consequently, thrombosis formation [98, 99, 100].

3.3.1 Hierarchical structure of the inner surface of a natu-

ral blood vessels

In principle, arterial walls consist of three layers. The outermost layer is the
tunica adventitia which is composed of connective tissue as well as collagen and
elastic fibers. The middle layer, tunica media is composed of smooth muscle and
elastic fibers. The innermost layer of the arterial wall is the tunica intima which

is a continuous layer of endothelial cells (Fig. 3.2).
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Figure 3.2: Structure of natural blood vessels [101].

A natural blood vessel is considered the ’best’ material for preventing platelet
adhesion and aggregation. The inner surface of natural blood vessels is not flat
but rather rough at nano- or micro-scale. Over millions of years of evolution, the
natural blood vessel has developed to possess an amazing hierarchical structure:
micro-structure grooves parallel to the blood flow direction and micro-structures
of endothelial cells which locate on these grooves and also orientate to the blood
flow.

Figure 3.3 shows the structure of the natural blood vessels of domestic pigs
investigated in our laboratory. The blood vessel diameter is around 2mm, and
the parallel micro groove structures which elongate to the blood flow dicrection
has a width of about 30-60 um (Fig. 3.3). We also observed the endothelial
cell layer covering the groove structure. The difference in size between grooves

and the endothelial cell structures in different blood vessels is assumed to depend
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on animal species, blood vessel types and blood flow conditions in these blood

vessels.

3.3.2 Nano-and microstructured surface mimicking inner
topography of natural blood vessels
Recently, several investigations have focused on creating nano-microstructured

surfaces, mimicking the structurse of the inner surface of natural blood vessels to
reduce platelet adhesion |98, 100, 102, 103].

16pmi

Figure 3.3: Inner layer structure of a natural blood vessel of the domestic pig:
(a) SEM picture of inner surface with groove structures (magnification of 50 X) (b)
SEM picture of inner surface with microstructure of endothelial cells (magnification
of 500 X).
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Submicrometer range

Surfaces with submicrometer structures, which are smaller than platelet di-
mensitions, for example longitudinal grooves [103], pillars [104, 105] or hierar-
chical structures [99] mimicking the inner surface of natural blood vessels have
been reported to decrease the activation and adhesion of platelets under static
and shear conditions, possibly because of superhydrophobicity leading to a low
chance for contact with platelets.

Vascular grafts with submicron longitudinally aligned topography which mim-
icked the tunica intima of the native arterial vessels were prepared by electrospin-
ning and investigated in vivo in the study of Liu et al [103]. A significant higher
patency rate and less thrombus formation was found in vascular graft with aligned
topography than vascular graft with smooth topography. It was assumed that
the groove topography remodeled the boundary conditions of the blood flow, i.e.
increased the velocity of the boundary layer and, thereby, decreased the collision
frequencies of platelets with the surface. However, the effect of hemodynamic
factors on platelet adhesion was not investigated [103].

Surfaces with submicron pillars with sub-platelet dimensions created using a
soft lithography two-stage replication molding technique were shown to be able
to reduce platelet adhesion under shear condition compared with the smooth
surface with the same material under small shear condition [104]. The sub-platelet
dimensions of the pillar microstructures resulted in a reduced contact between
platelets and surfaces, and platelet adhesion was, therefore, decreased|104].

The blood compatibility of multiscale architecture comprising submicrome-
ter ridges and nanoprotuberances, mimicking topography of natural blood ves-
sels [99]. This multiscale structure surface is created on a polydimethylsiloxane
(PDMS) surface by using soft lithography and physical treatment. The width of
the ridges is about 500 nm and the height is about 100 nm, while the diameter of
the nanoprotuberances is about 100 nm and the height is about 40 nm. Results
indicated that this hierarchical structure reduced platelet adhesion in comparison
to smooth surfaces by providing an optimal surface of low adhesion interaction.
The multiscale structures on the surface was suggested to remodel the boundary
condition of liquids, thus leading to a low collision frequency of platelets [99].

Micrometer range
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The effect of surface features in the micrometer range (e.g. endothelial cells’
size range), larger than the dimensions of platelets, has been controversially dis-
cussed so far. Ye et al. [100] and Li [102] found a reduced platelet adhesion on
mastoid and parallel grating microstructured surfaces under static experimental
condition. Both studies identified the wettability as the main underlying mecha-
nism.

Chen et al. [106] tested the protein adsorption and its influence on platelet
adhesion on microstructured polydimethylsiloxane (PDMS) surfaces under flow
conditions. The amount of adsorbed protein and adherent platelets on the mi-
crostructured surface was higher than on the flat control surface [106]. In addi-
tion, platelets especially adhered in the interspaces between the microstructures
where the amount of adsorbed protein was highest. Thus, the authors concluded
that platelet adhesion was mainly driven by protein adsorption. However, no
reduced platelet adhesion on the microstructured surface was found [106].

The bioinspired nano-microsurfaced surfaces have been demonstrated a valu-
able approach to improve the blood compatibility of synthetic vascular grafts.
The nano-microstructured surfaces operate for a long time without using chem-
ical modifications. However, this ideal has not yet been widely investigated to

become a mature approach.

3.4 Summary

This chapter has reviewed the state-of-the-art approaches to improve the blood
compatibility of vascular grafts. Endothelialization of the inner surface of vascular
grafts is the traditional method used to prevent platelet adhesion and thus throm-
bosis formation. The aim of this method is to catch the EPCs circulating in the
blood stream for the inner surface of vascular grafts by using biofuctionalization
of biomaterials or physical modification. However, the method of endothelializa-
tion still does not meet the requirements of practical application. The adhesion
and proliferation of endothelial cells on artificial surfaces are very complex phe-
nomena. Endothelialization requires a considerable amount of time and complex
experimental procedures which involve high costs and cannot be used widely,

especially in an emergency situation. In addition, the endothelial cells also can-
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not cover the whole graft surface [107, 108]. The graft areas without completed
endothelial cells are potential for platelet adhesion and thrombosis formation.

Heparin-bonded grafts demonstrated a trend to improved patency, but the
difference between heparin-bonded grafts and standard grafts was not statistically
significant [109]. Heparin-bonded grafts had a significantly lower early thrombosis
rate that was sustained only for the first 5 months of follow-up [109].

Another quite new approach to improve the performance of vascular grafts is
bio-inspired nano-microstructured surfaces mimicking the topography of the nat-
ural blood vessel surface which has gained more interest recently. However, the
idea of mimicking the topography of the inner surface of natural blood vessels has
not yet been developed to a main research approach. Most of the investigations
of bio-inspired nano-microstructured surfaces were carried out based on the in-
dividual measurements but not based on a statistical characterization of natural
surface structures. In addition, many investigations revealed the important role
of hemodynamic factors of nano-microstructured surfaces on platelet adhesion.
However, the effect of these hemodynamic factors on platelet adhesion has not
been investigated.

The next chapter, Chapter 4, the aims and objectives as well as Hypotheses
of the PhD research will be presented.
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Aims and Objectives of the PhD research

4.1 Open questions

As a unique layer in contact with blood, endothelial cells (ECs) have a function of
preventing the triggering of platelet adhesion and clotting cascade. With the abil-
ity to release NO and other anticoagulant molecules to prevent platelet adhesion
and aggregation, ECs provide an anticoagulant and antiplatelet surface [110]. In
addition, ECs are strongly affected by hemodynamic factors. It was shown that
ECs can adapt their shapes in response to applied shear flow to create a suitable
form which supports the blood flow [111].

The changes of ECs due to hemodynamic factors has been observed for a
long time ago. Significant investigations have shown that the ECs’ response to
shear stress occurs at both the cellular and molecular levels [112],[113]. Not
only biochemical functions [114, 115] but also the morphology of endothelial cells
[116] change due to wall shear stress (WSS) alterations or oscillatory shear stress
[117],[118],[119],[120]. Consequently, the antiplatelet surface of ECs is believed to
depend on not only their biological and chemical functions but also their geomet-
rical shapes. Therefore, a potential approach for a potential less-thrombogenic
surface for vascular grafts is maybe microstructured surfaces mimicking the form
of endothelial cells.

This thesis focused on the approach of microstructured surface mimicking

the EC morphology which is capable to reduce platelet adhesion for a better

21



4.2 Aims and Objectives

performance of vascular grafts. This research addressed on the micrometer range,
e.g. ECs’ size range.
According to the literature, the following quetions have not jet been investi-

gated:

1. Reduction of platelet adhesion on microstructured surfaces has not jet been

observed under shear conditions.

2. The effect hemodynamic factors of microstructured surfaces on platelet ad-

hesion and aggregation has not been investigated so far.

3. The quantitative characterization of the EC morphology in different blood
vessels with shear stress conditions has not jet been investigated statisti-

cally.

4. Models of EC microstructures (geometrical forms and parameters) for mi-
crostructured surface approach have not jet been optimized under different
shear stress conditions based on hemodynamic factors which affect platelet

adhesion.

4.2 Aims and Objectives

The main aim of this thesis is to find a suitable microstructured surface which
acts against platelet adhesion for a better performance of vascular grafts. The
idea for such a microstructure is to mimic the form of the natural ECs. To achieve

this aim, the following objectives were set:

1. to investigate the effect of hymodynamic aspects of microstructured surfaces
on platelet adhesion under shear condition with both experimental and

theoretical approachs

To achieve this objective, it was further divided into three subobjectives as

follows:

e to fabricate microstructured surfaces using soft lithography
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4.3 Hypotheses

e to investigate platelet adhesion on microstructured and unstructured

control surfaces using a flow cell channel

e to simulate the blood flow over the micsrostructured surface using
Finite element method (FEM) to gain the distributions of shear stress

on surfaces

2. to undertake quantitative characterization of EC morphologies in different

blood vessels depending on blood shear stress

To achieve this objective, it was further divide into two subobjectives as

follows:

e to carry out the measurements of blood flow rates and vessel diameters
of different natural blood vessels to calculate shear stress in these blood

vessels

e to carry out the characterization of EC geometrical parameters (length,
width, height, aspect ratio of length to with, area, perimeter) in these

blood vessels
3. to optimize microstructured surfaces mimicking EC morphologies
To achieve this objective, it was further divided into three subobjectives as
follows:
e to find a suitable microstructure model for vascular grafts mimicking
EC form using hemodynamic simulations

e to find an optimal combination of geometrical parameters for this mi-
crostructure model which could reduce platelet adhesion using simu-
lations with FEM

4.3 Hypotheses

In this thesis, the following hypotheses were tested:

1. Platelet adhesion is statistically significantly reduced on bioinspired mi-
crostructured surfaces compared to unstructured surfaces under shear con-

ditions.
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2. ECs in the arteries of different organs have different cell morphologies due

to different shear conditions in those arteries.

3. The aspect ratio (of length to width), base area and perimeter of EC mi-
crostructure model are proportional to shear stress, whereas the height is

decreased with increasing shear stress.

4.4 Contributions

There are three main contributions of this thesis as follow:

Firstly, the approach of microstructured surface mimicking EC morphology
for vascular grafts is investigated in this study under shear condition with the con-
sideration of hemodynamic factors. This study shows the first time that platelet
adhesion was statistically significantly reduced (by up to 78% ; p < 0.05) on the
bioinspired microstructured PDMS surfaces compared to that on the unstruc-
tured control surface under shear conditions. The study indicates that on the
surfaces with the highest differences of the shear stress between the top of the
microstructures and the ground areas, platelet adhesion was reduced most.

Secondly, the quantitative correlation of EC morphology and shear stress was
investigated in this study for the first time for all cell geometrical parameters
(length, width, height, aspect ratio, area and perimeter) to provide a reliable
statistical data for further investigations of mimicking EC morphology.

Finally, this study suggests a microstructure model of EC which can be ap-
plied for vascular graft inner surfaces by FEM computational simulations. Fur-
thermore, this study also presents an effective method to find the most suitable
combination of geometrical parameters which may perform the most effective

effect on reducing platelet adhesion on biomaterial surfaces.

4.5 Related publications

1. T.T. Pham, J. Schumacher, S. Maenz, K.D. Jandt, J. Bossert. How to
optimize the inhibition of platelet adhesion on microstructured surfaces - a
Finite Element Method (FEM) approach. (In preparation)
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2. T.T. Pham, S. Wiedemeier, S. Maenz, G. Gastrock, U. Settmacher, K.D.
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platelet adhesion on bioinspired microstructured surfaces. Colloids Surface
B 145 (2016) 502-509.

3. T.T. Pham, S. Maenz, C. Liidecke, C. Schmerbauch, U. Settmacher, K.D.
Jandt, J. Bossert, J. Zanow. Quantitative characterization of endothelial
cell morphologies depending on shear stress in different blood vessels of do-

mestic pigs using a focused ion beam and high resolution scanning electron
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4. B. Garipcan, S. Maenz, S., T. Pham, U. Setmacher, K.D. Jandt, J. Zanow,
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(2011) B54-57.

4.6 Thesis Outline

I tried to present as in detail as possible the most highlighted aspects of the
research work in the next 4 chapters.

Chapter 5 represents a practical approach for investigating the effect of
micro-structured surfaces on platelet adhesion - the main cause of thrombosis
under shear condition. By using a flow cell channel, it is able to investigate
platelet adhesion and aggregation on microstructured and smooth surfaces. In
this chapter, the result of significant reduction of platelet adhesion on the bioin-
spired microstructured surfaces under shear condition was discussed.

Chapter 6 describes the quantitative characterization of EC morphologies
depending on shear stress for a better understanding of the effect of blood flow
on EC morphology. In this chapter, the state-of-the-art methods for EC char-
acterization is described step by step. The relationships between EC geometry
parameters and blood shear stress are then statistically illustrated.

Chapter 7 focuses on finding the most suitable EC microstructure model for
vascular graft surfaces. In this chapter, three 3D-models of the EC microstruc-

ture were computationally approximated as cuboid, ellipsoid and pyramid with
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the same measurements (length, width, height, distance) and then simulated us-
ing FEM. The best EC model found in the previous step with varied geometrical
parameters was simulated to find the optimal combination of geometrical param-
eters. A central composite design (CCD) was used to find the most rapid way to
obtain this optimal combination.

Chapter 8 summarizes the major contributions of this thesis.
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Hemodynamic aspects of reduced platelet
adhesion on bioinspired microstructured

surfaces

In this chapter, the effect of hymodynamic factors of micro-structured surface on
platelet adhesion was investigated for the first time under a shear condition with
both theoretical and experimental arrpoachs. Different microstructured surfaces
were designed, fabricated and tested with the whole porcine blood using a flow
cell channel.

This study shows for the first time that platelet adhesion was statistically sig-
nificantly reduced on the bioinspired microstructured PDMS surfaces compared
to that on the unstructured control surface under shear conditions. Finite ele-
ment method (FEM) simulations of blood flow revealed an impotant role of the
micro shear gradient created by the microstructures on reducing platelet adhe-
sion. The results indicate that on the surfaces with the highest differences of the
shear stress between top and the ground of the microstructures platelet adhesion

was reduced most.
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5.1 Introduction

Different strategies have been introduced so far to improve the performance of
artificial vascular grafts by enhancing blood compatibility i.e. reducing platelet
adhesion on the inner surfaces of vascular grafts. Bioinspired nano- or microstruc-
turing, mimicking the inner surface of natural blood vessels, achieved substantial
attention in order to reduce thrombosis formation [99, 100, 102, 106]. However,
this new strategy has not been widely investigated so far.

Surfaces modified with nano- or submicrostructures (nanoprotrusions, submi-
cron longitudinally aligned topography, hierarchical structures), smaller than the
dimensions of platelets, can reduce platelet adhesion compared to unstructured
surfaces due to a reduced contact between platelets and the structured surfaces
[98, 99, 103, 104, 105, 121]. In contrast, the effect of surface features in the mi-
crometer range (e.g. ECs’ size range), larger than the dimensions of platelets,
is controversially discussed so far. Ye et al. [100] and Li [102] found a reduced
platelet adhesion on mastoid and parallel grating microstructured surfaces un-
der static experimental condition. Both studies identified the wettability as the
main underlying mechanism. Chen et al. [106] tested the protein adsorption
and its influence on platelet adhesion on microstructured polydimethylsiloxane
(PDMS) surfaces under flow conditions. The amount of adsorbed protein and
adherent platelets on the microstructured surface was higher than on the flat
control surface [106]. In addition, platelets especially adhered in the interspaces
between the microstructures where the amount of adsorbed protein was highest.
Thus, the authors concluded that platelet adhesion was mainly driven by protein
adsorption.

A further factor potentially influencing platelet adhesion is the surface resis-
tance to flow i.e. the surface friction factor which is proportional to the pressure
drop caused by the microstructured surfaces [97]. A higher resistance to flow may
reduce the efficiency of the blood flow and, thus, increase platelet adhesion and
vice versa. However, since platelet adhesion was mostly measured under static
conditions the influence of the resistance to flow caused by microstructures on
platelet adhesion was to the best of our knowledge not considered in studies so

far. In addition, it was shown previously that high shear stresses in general re-
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5.2 Materials and methods

duce the adhesion of blood cells on biomaterials surfaces |31, 122]. However, the
influence of shear stress on platelet adhesion caused by the blood flow over the
microstructured surfaces was not taken into account so far.

The aim of the present study was, therefore, to investigate platelet adhesion
on bioinspired microstructured surfaces under blood flow conditions by a com-
bined experimental and theoretical approach to deepen our understanding on the
physical mechanisms of the platelet adhesion process. We tested the hypothe-
ses 1) that platelet adhesion is statistically significantly reduced on bioinspired
microstructured surfaces compared to unstructured surfaces and ii) that surface
microstructures increase the wall shear stress which leads to a reduced platelet
adhesion. For this, PDMS model surfaces with hemispherical microstructures
inspired from the natural EC layer were prepared with soft lithography. Platelet
adhesion on these microstructured surfaces and unstructured control surfaces
was investigated in a flow cell using porcine blood with fluorescence labelled
platelets. Water contact angles and pressure drops between inlet and outlet (rep-
resentative for surface resistance) were determined and correlated with platelet
adhesion on these surfaces. Hemodynamic simulations of the blood flow on the
microstructured surfaces and the unstructured control were carried out to inves-
tigate the influence of shear stress conditions caused by the surface structures on
platelet adhesion. Our findings suggest that shear stress gradients caused by the
microstructures play a major role in reducing platelet adhesion on bioinspired

microstructured surfaces.

5.2 Materials and methods

5.2.1 Design and fabrication of microstructured PDMS sur-

faces

Based on the values of EC dimensions investigated in our previous studies [123,
124] and given in the literature [125, 126, 127], the microstructures were designed
as hemispheres with different ground diameters (a), heights (h) and interspacing
distances (b) arranged in regular arrays (Fig. 5.1). Three differently microstruc-

tured sample types were prepared (Table 5.1).

29



5.2 Materials and methods

==

d

Figure 5.1: Set-up of the experimental flow cell and design ofmicrostructured sur-
faces used in this study: a) schematical illustration of the microstructured surfaces
with hemispherical microstructures arranged in regular arrays; b) sketch of the ex-
perimental flow cell with the multilayer plate construction: PTFE top plate with
inlet and outlet, PTFE middle plate with the flow channel (height: 0.5 mm, largest
width: 4 mm, length: 17.2 mm), PDMS sample containing the microstructured
area (1 x 1 ¢m) and a microscope slide as a base plate, all plates had a size of
76 x 26 mm; c¢) sketch of the flow cell with case; d) photograph of the flow cell with
inlet and outlet connected to silicon tubes; e) photograph of the flow cell from the

bottom-side with the flow channel visible in the middle part.
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5.2 Materials and methods

The PDMS microstructured samples were prepared using laser ablation and
soft lithography. Negative hemispherical microstructures were generated in the
middle area (size: 1 x 1 em) of a glass microscope slide (76 x 26 mm) using a
femtosecond laser following the designs in Fig. 1 (carried out at the Institute of
Joining Technology and Materials Testing GmbH, Jena, Germany). A PDMS gel
Sylgard 184 (Dow Corning, Midland, USA) was mixed with its curing agent in
a weight ratio of 10:1, poured carefully on the negatively structured glass sub-
strates and then cured for 5 h at 80°C. After hardening, the PDMS replicas
were carefully peeled off from the glass substrates and sonicated in ethanol using
an ultrasonic bath to remove non-crosslinked molecules from the PDMS surface.
The surface structures of the PDMS samples were characterized using an AU-
RIGA 60 CrossBeam® FIB-SEM scanning electron microscope (Carl Zeiss AG,
Oberkochen, Germany).

5.2.2 Flow cell and platelet adhesion experiments

Fresh porcine blood (provided by the Institute of Laboratory Animals Science,
University Hospital Jena, Jena, Germany) was obtained from a healthy pig using
a sterile syringe containing anticoagulant citrate dextrose (ACD, Sigma-Aldrich)
resulting in an ACD to blood volume ratio of 1:9. For fluorescence-based imaging
of the platelets, 1 g 3,3-dihexyloxacarbocyanine iodide (DiOC6, Sigma-Aldrich)
was added per 1 ml porcine blood and incubated for 10 min at 37°C.

A flow cell was designed as a multilayer parallel plate device (by the Institute
for Bioprocessing and Analytical Measurement Techniques, HeilbadHeiligenstadt,
Germany) (Fig. 5.1b). The inlet of the flow cell chamber was connected with
silicon tubes to a neMESYS syringe pump system (Cetoni GmbH, Korbufsen,
Germany) and the outlet was connected to a waste reservoir. In addition, inlet
and outlet were connected to two pressure sensors to measure the pressure drop
between the inlet and outlet. Each adhesion experiment was carried out for 2.5
min. The volumetric fluid flow rate was kept constant at 9 mi/min. The pressure
at the inlet and the outlet was measured 1000 times per second. After 2.5 min,
the PDMS samples were taken out of the flow cell, rinsed very carefully to remove
non-adherent cells and fixed in glutaraldehyde solution (4 % (v/v) in PBS) for 30
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min at room temperature and, subsequently, for 2 h at 4°C'. After fixation, the
PDMS samples were dried for microscopy. The platelet adhesion was investigated
on 3 replicates (n = 3) of each structure.

PDMS samples with adherent fluorescence-labelled platelets were character-
ized using confocal laser scanning microscopy (CLSM; Zeiss LSM 510 Meta, Carl
Zeiss Microscopy GmbH) with n = 10 images taken of each sample surface. CLSM
images were analyzed with the Leica QWin Pro V 2.6 image analysis software
(Leica Microsystems Imaging Solutions, Cambridge, UK) using a binarization

algorithm to obtain the average coverage of the surfaces with platelets (%).

5.2.3 Contact angle measurement

The static water contact angle on microstructured PDMS surfaces and unstruc-
tured control samples was determined with the sessile drop method using a drop
shape analysis system DSA 10 MK 2 (Kriss GmbH, Hamburg, Germany) and
deionized water. For statistical analysis, five measurements were carried out for

each structure type and averaged.

5.2.4 Preparation of blood and platelet labelling

Fresh whole porcine blood was drawn from a healthy pig obtained from the
Institute of Laboratory Animals Science Jena, Germany using a clean syringe
containing anticoagulant citrate dextrose (Product of Sigma-Aldrich) with the
concentration of 1:9 (ratio of ACD volume to blood). For the fluorescent imaging
of platelets on the surfaces, whole porcine blood was labelled with DiOC6 (3,3-
Dihexyloxacarbocyanine iodide) (Product of Sigma-Aldrich). Before starting the
platelet adhesion experiment, porcine whole blood was gently mixed with DiOC6
(1 g DIOCG for 1 ml porcine blood) and incubated at 37°C for 10 minutes. The
porcine blood was then mixed by inversion again carefully, prior to the experiment

with the flow cell channel.
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5.2 Materials and methods

5.2.5 Simulation of blood flow

Hemodynamic simulations of the blood flow on the unstructured and microstruc-
tured surfaces were carried out using the CFX package ANSYS Workbench 13.0
(Ansys Inc., Canonsburg, USA). The geometrical model of the flow cell and a
constant blood flow rate of 9 ml/min, both as in the laboratory experiment, were
used as basis for the simulation. According to the literature [103], the hydraulic

diameter (DH) of the rectangular flow cell was calculated as:

_2><W><H

DH = 5.1
W+ H (5.1)

where W is the width (4 mm) and H is the height (0.5 mm) of the flow cell.

The Reynolds number (Re) was calculated as:

_ pxV xDH
0

Re (5.2)

where p is the density of blood, V is the velocity and p is the blood dy-
namic viscosity. In this study, the Reynold number was much lower than 2000.
Therefore, we considered the blood flow to be steady laminar. In addition, we
considered the blood to be Newtonian fluid with a constant density of 1,050
kg/m? and a viscosity of 3.45 x 103 Pas.

5.2.6 Statistical analysis

All results are presented as mean standard deviations. The statistical analysis
of platelet adhesion as function of the surface microstructures was carried out
using SPSS software 19.0 (IBM, Armonk, USA). Statistical significance was tested
using a one-way analysis of variance (ANOVA) with a 95% confidence interval
(p <0.05) and a Fisher’s least significant difference (LSD) post-hoc test.
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5.3 Results

5.3.1 Characterization of microstructured surfaces with mi-

Croscopy

(39,21 pm, 3,65 pm)]

0 20 40 60 80 100
[um]

Figure 5.2: Characterization of the microstructured PDMS surfaces using SEM
exemplarily illustrated for the surface structure type 1: a) SEM-2D micrograph of
the hemispherical microstructured surface; b) SEM-3D image of the hemispherical
microstructures acquired by using a 4 quadrant detector; c¢) profile of the microstruc-

ture illustrated in b) (yellow line; see for comparison also Table 5.1).

PDMS microstructured samples were prepared using laser ablation and soft lithog-
raphy. SEM-2D imaging and SEM-3D imaging with a 4 quadrant detector were
used to characterize the surface structures of the PDMS samples (Fig. 5.2).These

images revealed well-arranged hemispherical microstructured surfaces. The sur-
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face microstructures of all sample types were uniform without deformations or

visible defects.

5.3.2 Platelet adhesion on the microstructured and un-

structured surfaces

Figure 5.3: Platelet adhesion to microstructured and unstructured PDMS sur-
faces illustrated by overlapping of the representative fluorescence images and the
corresponding light microscopy images: a) unstructured surface; b) structure type

1; ¢) structure type 2; d) structure type 3.

Platelet adhesion to microstructured and unstructured PDMS surfaces was tested
in a flow cell under shear conditions using porcine blood labelled with DiOC6.
Platelet adhesion to microstructured and unstructured PDMS surfaces is illus-

trated in Fig. 5.3 by overlapping of the representative fluorescence images and the
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5.3 Results

corresponding light microscopy images. On the unstructured control surface, the
coverage with platelets was highest with 3.7£1.3% (Fig. 5.4). All microstructured
surfaces showed a statistically significantly lower surface coverage with platelets
compared to the unstructured control surface. On structure type 2, platelet ad-
hesion was reduced most with a surface coverage of only 0.8 + 0.4% which means
an overall reduction of the adhesion by 78.4% compared to the control. On the
structure types 1 and 3, the platelet adhesion was reduced as well with a surface
coverage of 2.2 + 1.1% and 2.0 4+ 0.8%, respectively. The surface coverage on
structure type 2 was statistically significantly lower compared to structure type
1 and 3. On the microstructured surfaces, platelets adhered mainly in between

the hemispherical microstructures (Fig. 5.3 b-d).
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Figure 5.4: Coverage of the microstructured and unstructured PDMS surfaces
with platelets. * p < 0.05 vs. unstructured surface, # p < 0.05 vs. structure type
1, $ p <0.05 vs. structure type 2.

5.3.3 Contact angle and pressure drop

To examine the effect of wettability on platelet adhesion, the static water contact

angles of the different microstructured surfaces and the unstructured surface were
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5.3 Results

Table 5.1: Dimensions, average static contact angle (mean + standard deviation
based on n = 5) and pressure drop (mean standard deviation based on n = 3) of
the microstructured and unstructured surfaces.

Control Structure Structure Structure
(unstructured) type 1 type 2 type 3
Diameter a - 15 15 12
[pm]
Interspacing b - 15 5 3
[pm]
Height h - 2.5 2.7 0.9
[pm]

Contact angle 113.5+1.3 115.3+£09 127.7+0.8 120.2+04
°]

Pressure drop 9.9+0.2 10.3 £ 0.7 9.8+ 0.3 9.9+0.3
[kPal)

measured (Table 5.1). All surfaces were hydrophobic. The unstructured control
surface had an average water contact angle of 113.5 + 1.3°, whereas the water
contact angles were increased on the microstructured surfaces with 115.3 + 0.9°
(structure type 1), 127.7+0.8° (structure type 2) and 120.2+0.4° (structure type
3). The results indicate a correlation between surface wettability and platelet
adhesion. The lower the surface wettability is, the fewer platelets adhere to the
surface.

The effect of surface resistance to flow on platelet adhesion was investigated
by measuring the pressure drop caused by the microstructured surfaces or by the
unstructured surface. The pressure drop during blood flow caused by structure
type 2 and structure type 3 was 9.8 £ 0.3 kPa and 9.9 4+ 0.3 kPa, respectively,
and thus equal to the pressure drop caused by the unstructured control surface
(9.940.2 kPa). In contrast, structure type 1 caused a numerically higher pressure
drop of 10.3 + 0.7 kPa (Table 5.1). However, statistically significant differences
among the pressure drop caused by the different structure types and the control
surface were observed. No correlation between surface resistance to flow and

platelet adhesion was obvious.
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5.3 Results

5.3.4 Hemodynamic simulation of blood flow

To gain insight into the relationship between hemodynamics and platelet adhe-
sion, shear stress and velocity distributions were investigated by FEM simulation
(Fig. 5.5). The wall shear stress (WSS) on the unstructured areas of all three
structure types was uniform with 1.8Pa (Fig. 5.5 a-c). Gradients in the shear
stress distribution caused by the microstructures were observed with noticeably
increased shear stress values on the top of the structures and partly decreased val-
ues in the interspacing areas compared to the unstructured control regions (Fig.
5.5 a-c). Structure type 1 caused a WSS of 3.0 Pa on the top of the microstructure
and in the interspacing regions a shear stress of 1.8 Pa which is approximately the
same as on the unstructured control areas (1.9 Pa; Fig. 5.5 a). Structure type 2
showed the highest WSS with 3.1Pa on the top and, simultaneously, the smallest
wall shear stress with 1.0 Pa on the ground inbetween the microstructures which
was below the shear stress of the control regions (Fig. 5.5 b). Structure type 3
caused a slightly lower WSS with 2.4 Pa on the top of the microstructure but a
wall shear stress on the ground inbetween the microstructures in the same range
as that of structure 2 with 1.1 Pa (Fig. 5.5 c).

To gain deeper insight into the effect of hemodynamic factors on platelet ad-
hesion on the microstructured surfaces, the velocity distribution in three different
regions of structure type 2 is illustrated in Fig. 5.5 d-f. The hemodynamic sim-
ulation demonstrated that the blood velocity was increased on the top of the
structure compared to that on the unstructured area (Fig. 5.5 d, e). The blood
velocity vectors around 1 pm (radius of the platelet) perpendicularly away from
the top of the structures had the magnitude of 1 x 1072 m/s, while that on the
unstructured area is 0.6 x 1072 m/s (Fig. 5.5 d, e). In addition, Fig. 5.5 f shows
low blood velocity vectors on the interspacing between the structures compared
to other areas. These velocity vectors have a magnitude of approximately zero
(Fig. 5.5 f). These results suggest that a thin layer of blood is trapped in the

interspacings between the microstructures.
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Figure 5.5: Hemodynamic simulations of blood flow on microstructured surfaces.
Simulation plots showing wall shear stress distribution caused by the blood flow on
the microstructured surfaces: a) structure type 1; b) structure type 2; c) structure
type 3. Red indicates the highest (3.0 Pa) and blue the lowest value (0 Pa) of the
wall shear stress (a-c). Simulation plots showingblood velocity close to the surface
of structure type 2: d) on the unstructured area; ) on top of the microstructures; f)
inbetween the microstructures. Red indicates the highest (0.0035 m/s) and blue the
lowest value (0 m/s) of the blood velocity. The size of the arrows also demonstrates

the magnitude of the velocity vectors (d-f).
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5.4 Discussion

The study presented here investigated the effect of bioinspired microstructures
mimicking EC morphology on platelet adhesion. Surface contact angles, surface
resistance to flow and hemodynamic aspects were considered as factors possibly
influencing platelet adhesion. Platelet adhesion was statistically significantly re-
duced by up to 78% on the bio-inspired microstructured PDMS surfaces for the
first time under blood flow conditions (Fig. 5.4). Therefore, the first hypoth-
esis can be accepted. On the control surface, platelets were partly aggregated
together (Fig. 5.3 a) while on the microstructured surfaces only few separated
platelets were adherent (Fig. 3 b-d). Thus, our findings indicated that bioin-
spired, hemispherical microstructures are able to reduce platelet adhesion under

shear conditions.

5.4.1 Water contact angle

Platelet adhesion reduction on microstructured surface has been recently recog-
nized in some previous studies under static conditions [100, 102]. The investi-
gations of Li et al. and Ye et al. indicated a reduced platelet adhesion on the
grafting and mastoid microstructured surfaces compared to the smooth surfaces
due to a higher water contact angle of these surfaces [100, 102]. In our study, the
hemispherically microstructured PDMS surface was shown to be more hydropho-
bic compared to the unstructured control PDMS surface (Table 5.1) which may,
thus, be one reason for the reduced platelet adhesion on the microstructured sur-
faces (Fig. 5.4). An increase in contact angle, i.e. a decrease in wettability, is
correlated with a decreased strength of interaction between blood, which consists
to a large part of water, and the hydrophobic materials surface. This leads, in con-
sequence, to a reduced contact between platelets and surfaces resulting in platelet
adhesion reduction (similar to a self-cleaning effect of the surfaces [94, 128, 129]).
However, in this current study, on the surface structure type 1 and type 3, the
contact angle was only slightly increased compared to the unstructured control
surface whereas platelet adhesion was significantly reduced on the control surface.
Thus, the contact angle seems to play overall only a secondary role in reducing

platelet adhesion, especially under shear conditions.
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5.4.2 Surface resistant to flow

Since previous studies were carried out mostly under static experimental condi-
tions, the surface resistance to flow, i.e., the pressure drop caused by the surfaces,
as a parameter possibly influencing platelet adhesion was investigated in our study
for the first time. Our study showed that the hemispherically microstructured
surfaces did not create a statistically significantly higher surface resistance to flow
compared to the unstructured surface (Table 5.1). Thus, a correlation between
pressure drop and platelet adhesion is not obvious. Our findings indicate that
at least under the specific experimental conditions used in the current study the
endothelial cell-like hemispherical microstructures do not obstruct the blood flow

compared to the unstructured surface.

5.4.3 Shear stress

Previous studies showed that high shear stresses in general reduce the adhesion
of blood cells on biomaterials surfaces [31, 122]. The highest overall WSS was
found on the top of our bioinspired microstructures. In particular, on the top of
the microstructure type 2, the WSS was highest (3.1 Pa), followed by the top of
microstructure type 1 (3.0 Pa) and type 3 (2.4 Pa). The lowest WSS was found on
the unstructured control (1.9 Pa). However, the platelet adhesion was not as much
reduced on surface type 1 compared to that on surface type 2 (Fig. 5.4) although
both surfaces had nearly the same shear stress value measured on top of the
structures (Fig. 5.5 a, b). Therefore, no direct correlation between the maximum
shear stress and platelet adhesion was obvious. Our second hypothesis, that
surface microstructures increase the wall-shear stress which leads, in consequence,
to a reduced platelet adhesion was, thus, only partially accepted.

Our experimental and simulation results revealed that the local WSS differ-
ence between the top of the microstructures and the ground inbetween seems
to be more important for the reduction of platelet adhesion. The highest WSS
difference between top and ground with 2.1 Pa and simultaneously the lowest
platelet adhesion of 0.8 + 0.4% (Fig. 5.4, Fig. 5.5) was found for structure type
2. The structure type 1 and 3 with the WSS difference of 1.2 Pa and 1.3 Pa,
respectively, had nearly the same platelet adhesion coverage of 2.2 £ 1.1% and
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2.0 + 0.8%, respectively.
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Figure 5.6: Proposed model of reduced platelet adhesion on microstructured sur-

faces.

A blood velocity of approximately zero inbetween the microstructures (Fig.
5.5 f) indicates a kind of trapped blood layer in the interspacing after whole-blood
perfusion through the flow cell that hardly moves out of the interspacing. A high
shear difference between top and ground means an increase of the blood velocity
on the top of the microstructures and a decrease of the velocity due to the trapped
blood layer on the ground of the interspacing. This leads to an overall fast moving
upper blood layer compared to the trapped blood layer, which results in two
phenomena causing a reduced platelet adhesion on the microstructured surfaces:
i) on top of the microstructures, platelets move with the highest velocity resulting
in low contact time between platelets and material surface and ii) the interaction
between the trapped blood layer and the fast moving upper blood layer is reduced,
if the shear stress difference is high, which leads to a reduced transfer of platelets
from the upper layer to the trapped layer (Fig. 5.6). On the unstructured surface,

platelets have a lower velocity compared to that on the top of microstructures
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and, in consequence, an increased contact time with the surface, leading to a high
platelet adhesion(Fig. 5.6).

The magnitude of the WSS difference (between top of the microstructures
and ground inbetween) was affected by the height of the microstructures and the
distance inbetween the single hemispherical structures on each sample type. In
our study, the sample type 2 with the distance of 5 ym and the height of 2.7 ym
resulted in the highest shear difference of 2.1 Pa, leading to the lowest platelet
adhesion. On sample type 1, with the highest distance of 15 um inbetween the
microstructures, the shear stress was on the ground area with 1.8 Pa almost
the same as on the unstructured control surface with 1.9 Pa (Fig. 5.5 a). In
summary, the magnitude of the WSS difference increased with increasing height
of the microstructures and decreasing distance between the single hemispherical
structures. The WSS difference is proportional to the aspect ratio R of the
height of the microstructures to the interspacing between the microstructures.

The aspect ratio R can, thus, be expressed as follows:

a+b

==

(5.3)

with a (diameter), b (interspacing), h (height) as the structure dimensions, as
shown in Fig. 5.1. Our findings suggest that the microstructure aspect ratio R
should be lower than that of the structure type 1 with R = 12 (under the specific
flow condition used in the current study with a shear stress of 1.8 Pa, i.e. shear
rate of 480 1/s) to achieve a significant effect of platelet adhesion reduction. This
finding agrees well with the results of Koh et al., who investigated the effect of
interspacing and aspect ratios of sub-micrometer structures on platelet adhesion
under static conditions [105].

Chen et al. [106] investigated the adsorption of fibrinogen and its influence on
platelet adhesion on microstructured PDMS surfaces under flow conditions (shear
rate of 300 1/s) with similar structures. They demonstrated that the amount of
adsorbed protein on the microstructured surfaces was statistically significantly
higher compared to the flat surface. In addition, platelets in particular adhered

in the interspaces between the microstructures where the amount of adsorbed
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protein was high. Chen et al., therefore, concluded that platelet adhesion is
mainly driven by protein adsorption most probably by binding of glycoprotein
[Ib/I11a receptor of the platelet to the fibrinogen [105]. Interestingly, in the
current study, a significant reduction of platelet adhesion was observed on the
microstructured surfaces compared to the unstructured control surfaces (under
shear stress of 1.8 Pa or approximately shear rate of 480 1/s) despite a higher
amount of adsorbed proteins as expected from the results of Chen et al. [106].
The different results of our present study compared to the study of Chen et
al. may be due to the different experimental shear conditions in both studies.
Therefore, our results suggest that the effect of shear condition may overcome
the effect of protein adsorption at a certain point.

Our study reveals for the first time that an intelligent design of surface mi-
crostructures affects local shear stress regimes near the biomaterial surface po-
tentially reducing platelet adhesion. As a next step, platelet adhesion should
be investigated on microstructured materials relevant for artificial vascular grafts
preferred under pulsatile flow. Since platelet adhesion is a self-reinforcing process,
the investigation of the platelet adhesion as function of time, i.e. kinetics, might

be useful to gain further insight into the processes and involved parameters.

5.5 Conclusion

Platelet adhesion on the bioinspired microstructured surfaces was investigated
under shear condition using a combined experimental and theoretical approach
to give new insight into the involved physical processes. This study reveals a re-
duction of platelet adhesion (up to 78%) on bioinspired microstructured surfaces
compared to unstructured surface. Microstructures cause a local shear stress gra-
dient with the highest shear stress value on the top and lowest shear stress value
on the ground which is affected by interspacing and height of the microstructures.
On surfaces with the highest differences of the shear stress between the top of the
microstructures and the ground areas, platelet adhesion was reduced most. This
new knowledge lays the basis for the development of innovative next-generation

vascular grafts with a reduced risk of thrombosis formation.
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Quantitative characterization ot
endothelial cell morphologies depending
on shear stresses in different blood

vessels of domestic pigs

This chapter describes the quantitative characterization of endothelial cell mor-
phologies for all cell geometrical parameters (length, width, height, aspect ratio,
area and perimeter) depending on shear stress for a better understanding of the
effect of blood flow on endothelial cell morphology. In this chapter, the state-of-
the-art methods for endothelial cell characterization is described step by step.
This results show that the ECs in the arteries of different organs have different
cell morphologies due to different shear conditions in those arteries. In our study,
the exponential correlation between endothelial cell parameters and shear stress
was shown the first time. This study provides a reliable statistical data for further

investigations of mimicking EC morphology

6.1 Introduction

Recently, a new approach using micro- and nanostructures mimicking the mor-

phology of the inner surface of natural blood vessels gained interest to improve
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the blood compatibility of vascular grafts [98, 99, 100, 102]. To further develop
this bioinspired approach, the exact endothelial cell morphology has to be repro-
duced on the artificial vascular graft surfaces. However, depending on the type
of the blood vessel, the location and the specific blood flow, the ECs differ in
their morphology [125, 130, 131, 132]. This is assumed to be due to different
shear stress conditions in these vessels, because it was shown that the ECs adapt
their shapes in response to the applied shear flow to create a suitable morphol-
ogy which supports the blood flow [111|. However, the quantitative relationship
between EC geometrical forms and shear stress has still not been investigated
in detail. To achieve an optimized microstructured surface mimicking the shape
of the ECs for vascular grafts under specific different shear conditions in differ-
ent blood vessels, it is indispensable to understand how the EC shape changes
under shear conditions. The aim of this study was, therefore, to investigate the
quantitative correlation of the form and dimension of EC and shear stress.

To achieve this aim, four different types of blood vessels (carotid, renal, hep-
atic and iliac arteries) from threedomestic pigs were investigated. The blood
flow rates in these vessels were measured firstin vivo for the calculations of shear
stress. These blood vessel samples were then removed and fixed to keep the
original morphology of the ECs. The EC morphologies in these blood vessels
and vessel diameters were quantitatively characterized using a state-of-the-art
Focused Ion Beam (FIB) - Scanning Electron Microscope (SEM). The geomet-
rical parametersof ECs were statistically analyzed and quantitatively correlated

with the calculated shear stresses.

6.2 Materials and Methods

6.2.1 Blood flow measurement

Three healthy domestic pigs of around 3 months of age and nearly the same weight
(27.3 kg, 28.8 kg and 29 kg respectively, obtained from the Institute of Laboratory
Animals Science Jena, Germany) were anesthetized with 2 ml propofol, 2 ml
pancuronium and 1.5 ml fentanyl (The experiment with the pigs was permitted
with ethical approval number 02-132/10).
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Figure 6.1: Operation to measure blood flow rates in different blood vessels of
three domestic pigs: (a) Exposed blood vessel of a domestic pig; (b) blood flow
measurement carried out with QuickFit sensor and VeriQQ system; (c) pulsatile

blood flow measured by VeriQ.
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These pigs were first operated at the neck area to expose the common carotid
artery and afterwards at the belly area to expose the hepatic, renal and iliac
arteries (Fig. 6.1 a). VeriQ Flowmeter System and PeriVascular transit time
probes (Medistim ASA, Norway) were used to measure the blood flow rates in
these blood vessels. For this, the transit time method utilizing two piezoelectric
crystals transmitting ultrasound through the blood vessel toward a reflector on
the other side of the vessel is used. The volume blood flow rate is calculated by
measuring the difference between transit times upstream and downstream in the
blood vessel. The PeriVascular probes were placed over each exposed artery to
measure the pulsatile blood flow (Fig. 6.1 b). For each pig, the volume blood
flow rates in seven different blood vessels were measured: common carotid arteries
(left and right), hepatic artery, renal arteries (left and right) and iliac arteries (left
and right). The monitor of the VeriQ displayed the diagram of the blood flow
rate with mean value (Fig. 6.1 ¢). Blood flow measurements were carried out at
the middle of the exposed vessels. After finishing the blood flow measurements,
specimens of the arteries were removed (around 2 cm long) and kept in the organ
preservation solution, custodiol, for the next step. All removed vessel segments
were healthy and had a cylindrical shape. There was no sign of atherosclerosis or

EC dysfunction on the inner surfaces.

6.2.2 Fixation of pigs’ blood vessels

As described in the literature [124], fresh artery specimens were rinsed with phos-
phate buffer saline (PBS) and then fixed in 4% glutaraldehydesolution (in PBS)
for 30 minutes at room temperature and afterwards for 2 hours at 4°C. The fixed
samples were dehydratedusing ethanol solution with deionized water (10, 30, 50,
70, 80, 90, two times 100% (v/v) ethanol) with 24 hours for each step. These
samples were then dried using a Critical Point Drying (CPD, Emitech K850, East
Sussex, UK) system.
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6.2.3 Measurements of the blood vessel diameter, EC length,

width, aspect ratio, area and perimeter

After drying, a thin slice was cut-off from all blood vessel samples to image their
cross sections for blood vessel perimeter measurements (Fig. 6.2 a). The rest of
the samples were cut into pieces of approximately 10 mm in length and opened

along their longitudinal axis to achieve the visibility of the inner wall of the blood

vessel samples with the endothelium layers. All samples were then coated with
a thin layer of gold and imaged using SEM (Leica S440i, Cambridge, UK) (Fig.
6.2 a, 6.2 ¢).

Figure 6.2: Characterization of endothelial cell dimensions and blood vessel diam-
eter: (a) SEM picture of common carotid artery cross section; (b) lumen perimeter
of common carotid artery marked with GIMP; (c) endothelium of common carotid
artery with a magnification of 500x; (d) perimeters of endothelial cells marked with
GIMP.
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For the determination of the blood vessel diameters, the perimeters of the
blood vessel lumen were drawn on the background of the SEM pictureusing GIMP
software(GNU Image Manipulation Programme, GIMP V 2.6.6, free online ver-
sion) (Fig. 6.2 b). The same method was applied to measure the EC perimeters.
The ECs with clearly visible boundaries were chosen for cell characterization (Fig.
6.2 ¢, 6.2 d). Pixel calibration for SEM pictures was carried out using the Axio
Vision software (Rel. 4.8, Carl Zeiss Microimaging GmbH, Jena, Germany). The
SEM pictures with the blood vessel lumen perimeter and EC boundaries from
GIMP were then characterized with Leica QWin image analysis software (Leica
QWin Pro V 2.6, Leica Micro systems Imaging Solutions, Cambridge, UK) using
abinarization algorithm as described in the literature [124|. After characteriza-
tion, the results of the blood vessel lumen perimeters as well as mean length,
width, area, perimeter and aspect ratio (of length to width) of the ECs were
obtained. The blood vessel diameters were then calculated based on the blood

vessel lumen perimeters.

6.2.4 Characterization of EC height

To measure the height of the ECs, the state-of-the-art dual beam FIB-SEM Au-
riga 60 (Carl Zeiss Microscopy, Jena, Germany) was used. In this method, the
focused ion beam (FIB) is always perpendicular to the sample surface. Material
of the sample surface at a chosen area was cut and removed precisely to reveal the
cross section of the sample using a focused Gallium ion beam. The electron beam
was adjusted to an angle of 54° in relation to the sample surface for imaging.
The ECs with clearly visible boundarieswere chosen (Fig. 6.3 a), and sectioned
at the highest point by FIB to reveal the cell cross section at this point (Fig. 6.3
b). The cross section of the EC at the highest point was then imaged by SEM to
estimate the height of the ECs (Fig. 6.3 b).

6.2.5 Calculation of wall shear stress

Porcine blood was proved to have haematocrit percentage of about 30%-40%
[133]. Blood viscosity of this haematocrit percentage at high shear rate can be
found in the literature [134].
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Figure 6.3: FIB-SEM images of endothelial cell layer in common carotid artery:
(a) Endothelial cell (indicated with the arrow) before cross sectioningata view angle
of 54° to the surface; (b) endothelial cell (arrow) after cross sectioning at its highest
point for determination of the cell height; (c)endothelial cell layer sectioned at
different points to measure the cell heights (view direction perpendicular to the

surface).
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The blood WSS (7) in these arteries was determined due to volume blood flow
rate (Q), vessel diameter (d) and assumed blood viscosity of 3.5 c¢P [134] using

following equation:

32X puxQ
T =

1
T X d3 (6.1)

6.2.6 Statistical analysis

Statistical analysis was performed using the SPSS software version 19.0 (SPSS,
Inc., IBM Company). Statistical significance was evaluated using anone-way anal-
ysis of variance (ANOVA) at a 0.05 significance level and means were compared
by the LSD post-hoc test.

6.3 Results

EC morphologies in different blood vessels are shown in Figure 6.4. In general,
the ECs in renal and hepatic arteries were visibly longer and narrower compared
to those in iliac and carotid arteries (Fig. 6.4). SEM images of the ECs revealed
that the EC layers of blood vessel samples were still present (Fig. 6.2 and 6.4).
The ECs connected to each other to form a continuous layer and the boundaries
of the ECs were clearly visiblefor cell characterizations. However, there were some
areas in which the cells were damaged during the preparation process (Fig. 6.3
c). In general, there was enough area with continuous layers of ECs available for
cell characterizations.

The results from the quantitative characterization of ECs are given in Table
6.1. The average values of cell area, cell length, cell width, cell height, cell
aspect ratio and cell perimeter were determined for each artery type. The ECs
had statistically significantly different cell lengths (ANOVA, P < 0.0001) and
significantly different cell widths (ANOVA, P < 0.05) in the different blood vessel
types. The EC aspect ratio was consequently indicated to be significantly different
(ANOVA, P < 0.0001) in different vessel types as well. The highest aspect ratio of
the ECs was measured in the hepatic arteries, followed by renal arteries, while in

iliac and carotid arteries, the aspect ratio was smallest. However, the highes WSS
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was found in the hepatic artery and the second highest was in the renal artery
(Table 6.1). The WSS in iliac and carotid arteries was nearly the same (Table
6.1). The ECs also had statistically significantly different heights in different
blood vessel types (ANOVA, P < 0.01). The hepatic artery had the smallest EC
height (Table 6.1). In contrast to the hepatic artery, the ECs in the carotid and
iliac arteries were highest (Table 6.1).

Figure 6.4: SEM images of endothelial cell layers obtained from four different

blood vessels of pigs with a magnification 500x: (a) hepatic artery; (b) renal artery;
(c) iliac artery; (d) carotid artery. The endothelial cells in hepatic and renal arteries

had a longer and narrower shape compared to those in carotid and iliac arteries.

To investigate the effect of WSS on the EC forms, the cell dimensional pa-
rameters in each artery segment of three pigs were quantitatively correlated with
the WSS. The quantitative correlation between cell aspect ratio and shear stress

is illustrated in Figure 6.5 a.
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Table 6.1: Endothelial cells characterization of four natural blood vessel types

using FIB-SEM images. The average values of all endothelial cell geometry param-

eters were obtained together with blood vessel diameters and blood flow rates in

those arteries. The average wall shear stress in each blood vessel type was then

calculated based on vessel diameter and blood flow rate.

Artery Carotid Renal Hepatic lliac
Cell area 48.62 £ 11.65 44.71 +15.58 55.17 £ 18.78 58.08 £+ 18.59
[m?|

Cell length 12.46 £2.06  15.62 +2.67 18.68 + 3.08 14.36 +£ 2.6
[pm]

Cell width 579 +1.14 4.53 +0.94 4.78 +0.84 6.08 + 1.42
[m]

Cell height 4.43+0.3 3.17+0.39 2.74 +0.36 3.82 + 0.56
[m]

Cell perimeter 30.994+4.11 35.83+£6.01 43464721 35.22+5.57
1z

Aspect ratio 2.24 £ 0.57 3.52 4+ 0.59 3.98 £ 0.68 2.47 £ 0.65
Number of cells 362 428 204 686
evaluated

Blood flow rate 0.61 +0.15 1.7+ 0.51 2.284+0.91 1.63 +0.78
[ml/sec|

Vessel diameter 1.294+0.13
[mm]

Wall shear stress  10.154+ 1.9
[Pal

1.35£0.2 1.0 £0.07 2.06 £ 0.58

25,11 £754 89.16 £56.32  7.21+3.1

The correlation between the cell aspect ratio and the shear stress can be

described with the following exponential fit function:

y = a X exp(

T

b) + o (6.2)
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where x is the WSS and y is the EC aspect ratio. The fit parameters were a =
—2.95; b = 18.18 and yy = 4.15 for this case. The coefficient of determination (R?)
was .74 for this exponential fit. The cell aspect ratio increased with increasing
WSS (Fig. 6.5 a).
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Figure 6.5: Correlations of endothelial cell geometry parameters with shear stress
fitted with an exponential function of Equation 6.2. The data are shown as mean
values and according standard deviation(for each type of blood vessel of each pig).
(a) Correlation of endothelial cell aspect ratio with shear stress, a = —2.95; b =
18.18 and yo = 4.15. (b) Correlation of endothelial cell length with shear stress,
a = —5.95; b = 34.53 and yy = 18.24. (c) Correlation of endothelial cell width with
shear stress, a = 3.64; b = 8.64 and yo = 4.38. (d) Correlation of endothelial cell
height with shear stress, a = 1.44; b = 25.47 and yo = 2.85.

The exponential fit showed that in the case of a shear stress of zero, the cell

aspect ratio would be around 1.2. This means that the ECs have an almost
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round shape under static conditions. The cell aspect ratio increased strongly
with increasing WSS in the range of 0 to 60 Pa. For higher WSS, the cell aspect
ratio then increased more slowly up to a threshold value of around 4.2.

A similar exponential correlation was found between the cell length, width
and height and the WSS. Figure 6.5 b represents the change of the cell length
due to the blood WSS. The length of the ECs strongly increased with increasing
WSS in the range of 0 to 60 Pa. The threshold value of the cell length under high
shear stress is approximately 18 um. The pig ECs are assumed to have a length
of 12 pm under static conditions (no shear stress).

The correlation between the cell width and the WSS is illustrated in Figure
6.5 c. In contrast to the cell aspect ratio and the cell length, the width of the ECs
decreased with increasing WSS (Fig. 6.5 ¢). The cell width markedly decreased in
the WSS range between 0 and 60 Pa and reaches a threshold value of around 4.2
pm. The highest cell width is assumed to be approximately 8.0 pm under static
conditions according to the exponential fit function (Fig. 6.5 ¢). The EC height
also decreased rapidly with increasing WSS, especially in the range between 0
and 60 Pa (Fig. 6.5 d). Due to the exponential fit function, it is assumed that
the ECs have an average height of 4.3 um under static conditions. The threshold
value of the EC height is assumed to be 2.7 ym under higher WSS conditions.

6.4 Discussion

Mimicking the morphology of ECs has been reported recently as a promising novel
approach to reduce platelet adhesionon artificial surfaces [98, 99, 100]. However,
it is known that ECs adapt their shape to different shear conditions [135]. In con-
sequence, it is indispensable to specifically adapt the biomimetic surface structure
of artificial vascular grafts to their field of application to optimize their anti-blood
coagulation properties. Thus, a statistic description of EC geometrical parame-
ters as function of shear stress is required to enhance the blood compatibility of
vascular grafts by surface structures mimicking the form of ECs. In this study,
therefore, the EC morphologies in different bloods vessels exposed to different
shear stress conditions were quantitatively investigated.

The characterization of the EC shapes in their native state in natural blood
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vessels has been performed in previous studies. The existence of EC morpho-
logical difference between different blood vessels or different parts of the same
blood vessel as well as in different physiological states was already observed
[124, 125, 130, 131, 136|. Kibria et al. described the difference in EC dimen-
sions between inferior vena cava, pulmonary vein, pulmonary trunk and aorta
[125]. The aorta was shown to have the highest cell aspect ratio (length to
width) in comparison to the other blood vessels [125]. Helliwellet al. character-
ized the EC forms in carotid, pulmonary and aorta arteries [125]. They found
that the ECs have different shapes, such as spindle, polygon or gigantic forms.
The ability of ECs to adapt their shapes and functions in response to applied
shear stress of the fluid flow was demonstrated in many in vivo and in vitro
studies [112, 113, 137, 138]. In order to specifically mimic the microstructure
of ECs for vascular grafts under different shear conditions, a quantitative rela-
tionship between EC morphology and shear stress is required. In this study, we
quantitatively analyzed for the first time, how the EC dimensions change due
to different shear stress conditions. The characterization procedure represented
in this current study used glutaraldehyde, critical point drying and FIB-SEM
for investigation of a high amount of ECs in different blood vessels. SEM im-
ages showed that the ECs were still connected and formed a continuous layer and
most of the ECs maintain their boundaries and forms (Fig. 6.2,6.4). However, we
cannot completely avoid the possibility of preparation artefacts (e.g. shrinkage
during drying or contracting due to absence of tension). The statistical analyses
indicated that the ECs in different artery types had significantly different cell
length, cell width, aspect ratio and cell height.

SEM imaging of the EC shapes (Fig. 6.4) revealed that the ECs had differ-
ent dimensions in different blood vessels of domestic pigs. In renal and hepatic
arteries, the ECs clearly were longer and narrower compared to iliac and carotid
arteries (Fig. 6.4). This is assumed to be due to the different WSS conditions
in those arteries. WSS in the hepatic artery was highest in comparison to the
other arteries (Table 6.1). The second highest shear stress was measured in the
renal artery, followed by the iliac and carotid artery, which had nearly the same
WSS condition. The ECs in the hepatic artery had the highest aspect ratio and,
accordingly, the largest length and the smallest width (Table 6.1). Furthermore,
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the ECs height in the hepatic artery was smallest (Table 6.1). It is assumed to
be due to the highest WSS in the hepatic artery. In contrast, the ECs in the iliac
and carotid artery had the smallest aspect ratio and the highest height assumed
to be due to the smallest WSS. This observation can be explained by the effect
of blood flow shear force on the EC membrane. The higher the WSS, the more
blood shear force applies to the EC membrane. This leads to a change of the EC
cytoskeleton [135]. In consequence, the ECs elongate their shape with increasing
length and decreasing width and height due to higher shear stress. This confirms
the resulted already published in other studies [135, 139].

The correlation between WSS and the EC form was also analyzed quantita-
tively (Fig. 6.5). The exponential fit suggests that the cell aspect ratio increases
with increasing WSS (Fig. 6.5 a). In addition, it can be predicted that the cell
aspect ratio is around 1.2 when there is no applied shear stress. This means that
ECs have an almost round shape under static conditions. This finding is in a good
agreement with data published for single cell investigations [127, 139, 140, 141].
Barbee et al. showed that bovine ECs had an almost round shape with cell length
and width of approximately 30 pum under static conditions [127|. Under shear
stress condition of 1.2 Pa, the ECs adapted their shape to the flow and the ECs
became longer and narrower, whereas the ECs length and width changed to 60
pm and 20 pm, respectively [127].

The exponential fit in Figure 6.5 a also gives information about the maximal
expected aspect ratio of the ECs. Under high WSS, the cells may reach a maximal
aspect ratio of approximately 4.2 (threshold for high WSS). It seems reasonable,
that the EC length cannot infinitely increase with increasing shear stress; rather,
there is a threshold value of cell aspect ratio, somehow limited by the size of the
cell nucleus and a finite volume of the cell.

The length of the ECs is also revealed to increase with increasing WSS (Fig.
6.5 b). The threshold value of cell length is expected from exponential fit to reach
a value of around 18 pgm when the WSS increases. The ECs of pig are suggested
to have a length of 12 ym under static conditions. In contrast to the cell length,
the cell width was assumed to decrease quantitatively with increasing WSS (Fig.
6.5 ¢). The cell width decreased rapidly in the shear stress range of 0 to 60 Pa and

then reaches a threshold value from exponential fit of around 4.2 ym. The highest
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cell width is assumed to be approximately 8 pum in static conditions, according
to the exponential fit function (Fig. 6.5 c).

The EC height was proven to decrease with increasing WSS (Fig. 6.5 d). In
this current study, the exponential function suggests that under static conditions
the EC height could reach the highest value of approximately 4.3 um. Figure
6.5 d also shows that the expected minimum EC height from exponential fit is
approximately 2.7 pm under higher WSS conditions. These results agree with the
invitro investigation by Barbee et al. [127]. Under static conditions, bovine EC
height was around 5 pm [127]. Under a flow condition with a WSS of 1.2 Pa, the
EC height decreased and reached a value of a 2.5 ym [127]. The expected minimal
height of 2.7 yum can be assumed to be the minimal size of the cell nucleus under
maximal deformation due to flow conditions. The nucleus deformation appears
to be in direct and immediate response to alterations of the cell adhesion area
under flow conditions [142]. It was demonstrated that the cytoskeletal fibers
could also reliably transmit the flow shear force to the nucleus in the order of
seconds [143]. Additionally, a theoretical analysis of ECs exposed to fluid flow
has suggested that the cells adapt to the flow by minimizing the magnitude of
force acting on the nucleus ([144]. It was also found that the minimal total force
applied results from a lower cell height ([144]. The nucleus was assumed to be a
stiff structure for a long time. The elastic modulus of nuclei in round and spread
cells was found to be around 5000 N/m?, on average 10 times more rigid than the
cytoplasm [141, 145]. It can be briefly summarized that, under flow conditions,
the ECs attempt to minimize the applied shear force on their bodies by reducing
the cell height and width. When flow shear force is applied on ECs, there is a
deformation of cytoplasm. The cytoskeletal fibers can also transfer the flow shear
force to the nucleus in the order of seconds. Therefore, the cell height and width
decrease rapidly at the beginning because the cytoplasm has a lower stiffness than
the cell nucleus. The deformation then occurs more slowly because of the high
stiffness of the cell nucleus. The nuclear stretch was also proven to decrease over
time [145].

The EC height under the shear condition seems to be limited due to the cell
nucleus. This study agrees with previous studiesof the cell nucleus mechanical

propertiesin the literature. Cailleet al. investigated the mechanical properties of
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ECs and their nuclei [141]. Compression tests of the round and spread cell as well
as of isolated nuclei were carried out until the cell height went down to 30% of the
original cell height [141]. However, the threshold value of the compression was
not given. For example, if an EC has a height of 5 um, it would be theoretically
possible to compress the cell perpendicular to the cell base until the cell height is
1.5 pum. In reality, under shear conditions, the height of the compressed nucleus
cannot reach this value since the blood shear force is applied parallel but not
perpendicular to the cell base. The exponential fit in Figure 6.5 d suggests that
this limited cell height is around 2.7 pm.

This study provides the quantitative correlation of EC geometrical parameters
and shear stress which are indispensable data to further optimize the mimicking
of ECs morphologies in vascular grafts to enhance their blood compatibility. Due
to the fit functions, suitable geometrical parameters of microstructures mimicking

ECs can be derived for each shear condition.

6.5 Conclusion

The current study addressed the quantitative correlation of EC geometrical pa-
rameters with shear stress. The relationships between most geometrical parame-
ters and shear stress were found to be exponential. The results show that the ECs
under higher shear stress conditions have longer and narrower shapes but smaller
height than in static conditions. According to the obtained quantitative relation-
ships between EC shapes and shear stress it can be assumed that the ECs are
nearly round under static conditions. Furthermore, the limited width and height
of ECs under very high shear stress conditions can also be predicted. These new
data are urgently needed to develop, microstructures for vascular grafts mimick-
ing EC morphologies and, in consequence, enhancing blood compatibility of the
artificial blood vessels.

The next chapter, Chapter 7, optimized the inhibition of platelet adhesion
on bioinspired microstructured surfaces using FEM simulations. The aim of this
chapter is to find a suitable endothelial cell model with an optimal combination
of geometrical parameters, distance and pattern for vascular grafts which could

reduce platelet adhesion - the main cause of thrombosis.
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Optimizing the inhibition of platelet
adhesion on bioinspired microstructured

surfaces - a Finite Element Method
(FEM) approach

This chapter describes how to optimize the shape and geometrical dimensions of
the microstructures depending on the blood flow conditions for synthetic vascular
grafts using Finite Element Method (FEM) approach. The Central Composite
Design (CCD) method is also introduced as an effective metod to reduce the
required number of simulations to find an optimal value for a certain parameter.

In this chapter, suitable EC microstructure models with optimal geometrical
parameters for vascular grafts under two different shear conditions were sug-
gested. For the first time we found that the physical effect of the endothelial cell
morphology also contributes to antithrombotic property of ECs. Under a certain
shear condition, ECs adapt their form to the blood flow to create a most suitable

shape which induces the highest WSS difference for reducing platelet adhesion.
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7.1 Introduction

Recently, a further approach gained substantial attention in order to reduce
platelet adhesion: mimicking the inner surface topography of natural blood ves-
sels, i.e. the EC morphology (98, 99, 100|. However, the investigations of bioin-
spired microstructured surfaces were carried out based on the individual measure-
ments but not based on a statistical characterization of natural surface structures
[98, 99, 100]. The optimal microstructure form as well as geometrical parameters
under different shear conditions have not been investigated so far [98, 99, 100].

In chapter 5, a reduction of platelet adhesion on such bioinspired microstruc-
tured surfaces was obtained by up to 78 % compared to unstructured surfaces
[146]. The microstructures caused a local shear stress gradient with the highest
shear stress value on the top and lowest shear stress value on the ground. The
higher the wall shear stress (WSS) difference between the top and the ground
areas of the microstructures is, the fewer platelets adhered to the microstruc-
tured surfaces. Disturbed flow with low and oscillating WSS, i.e. high oscillatory
shear index (OSI), is also a decisive factor in cell dysfunctions which also pro-
motes platelet adhesion and aggregation [147, 148, 149|. However, the influence
of bioinspired microstructures on these factors has not been taken into account
so far.

It is well known, that ECs are strongly affected by hemodynamic factors [114,
150, 151] and respond to shear stress at cellular and molecular levels [152, 153].
ECs optimize their shapes under applied shear flow to create a suitable form
which supports the blood flow [123, 124, 135, 154, 155|. Thus, it seems probable
that the optimal microstructure mimicking ECs depends also on the local shear
conditions.

The aim of the current study was, therefore, to find a suitable microstructure
form for vascular graft surfaces with optimal geometrical parameters based on ge-
ometrical parameters of the natural ECs under two different shear conditions in
the common carotid and iliac arteries. We tested the hypothesis that the aspect
ratio (of length to width), base area and perimeter of EC microstructure model
are proportional to the shear stress, whereas the height is decreased with in-

creasing shear condition. For this, three computational models (cuboid, ellipsoid
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and pyramid) were created with the same geometrical parameters (length, width,
height and distance) based on the real geometrical parameters of the natural ECs
in the common carotid artery. These models were simulated using the Finite
Element Method (FEM) to investigate their effects on the WSS difference and
oscillatory shear index (OSI) considered as factors influencing platelet adhesion.
The best EC microstructure form found in the previous step with varied geomet-
rical parameters (area, height, aspect ratio of length to width) and distance was
investigated using the Central Composite Design (CCD) method to reduce the
number of required simulations under two different shear conditions. Our find-
ings revealed that the suggested optimal geometrical parameters of EC model
inducing the highest WSS difference are similar to the geometrical parameters of
the natural ECs.

7.2 Materials and methods

7.2.1 Blood flow measurement and endothelial cell charac-
terization

In chapter 6, three healthy domestic pigs were utilized for endothelial cell char-

acterization [123] of four different blood vessel types (common carotid, hepatic,

renal and iliac arteries) following the method described in the literature [124]. In

this current study, these parameters of the common carotid artery (CCA) and

the iliac artery (IA) were used.

7.2.2 Wall shear stress and oscillatory shear index

Time-averaged WSS was calculated as follows [156]:

T
WSS:l/ 7 |dt (7.1)
T Jo

where 7 is the WSS at a certain time step and T is the total time of one

cardiac cycle.

63



7.2 Materials and methods

The OSI was chosen as a quantitative indicator for the angular change of the

shear force during the cardiac cycle [156],[157]. It is calculated as follows:

%
L Ly I Flat
OSI = =-(1 -9 7.2
T "
OSI number ranges from 0 to 0.5. A high OSI number represents unidirectional
WSS, i.e. disturbed flow, which leads to higher risk of platelet adhesion and

aggregation.

7.2.3 Simulation of blood flow

Hemodynamic simulations of the blood flow were carried out using the CFX pack-
age ANSYS Workbench 13.0 (Ansys Inc., Canonsburg, USA) based on FEM. The
EC models were computationally approximated as cuboid, ellipsoid and pyramid.
These EC computational models were created with the same height, length and
width (based on the statistical measurements of the natural ECs in CCA found
in previous step in chapter 6) listed in Table 7.1 and the same distance of 5 ym
to compare the effect of these models on shear stress and OSI distributions which
directly affects platelet adhesion.

The blood flow was considered as a pulsatile flow (Fig. 7.1) based on the
blood flow measurements of pigs in chapter 6 [123]. The Reynolds number (Re)

was calculated as:

_pxXuvxDH
i

Re (7.3)

where, p is the density of blood, V is velocity, DH is the hydraulic diameter of
the pipe and is the blood dynamic viscosity. In addition, we considered the blood
to be Newtonian fluid with a constant density of 1050 kg/m? and a viscosity of
3.45 x 1073 Pa s. In this study, the Reynolds number was much lower than 2000.
Therefore, we considered the blood flow to be steady laminar. The results of time
average WSS and OSI for the whole cardiac cycle were displayed with Tecplot
(Tecplot Inc., USA).
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Figure 7.1: Rebuilt diagram of pulsatile blood flow in one cardiac cycle (0.52 s)
in a natural porcine common carotid artery measured by VeriQQ Flowmeter system
(Medistim ASA, Norway) with average blood flow rate of 36.5 ml/min, i.e. average
blood velocity of 0.46 m/s.

7.2.4 Finding the optimal geometrical parameters, distance

and pattern for vascular grafts

The most suitable EC model found in the previous step inducing the highest WSS
difference and the lowest OSI value was simulated with varied geometrical param-
eters (area, aspect ratio and height) and varied distance to find optimal combi-
nations of these parameters for the common carotid artery and iliac artery which
lead to the highest WSS difference under shear condition. Since an exhaustive
grid search to identify the best combination of the four geometrical parameters
(area, aspect ratio of length to width, height and distance) was not feasible, we
applied the statistical response surface methodology (Box and Draper 2007) to
reduce the number of simulations needed as described in the literature [158]. To
this end the unknown response surface is locally approximated by a quadratic sur-
face and the direction of steepest ascent on this approximating quadratic surface
defines the direction of further search. We used the popular Central Composite
Design (CCD) consisting of the corners of a cube supplemented by additional
design points forming a “star” (Fig. 7.2) to enable the quadratic approximation

of the response surface based on a minimum number of design points. For d = 4
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dimensions the CCD consists of 26 design points. After simulating the response
for an initial CCD, further simulations were done along the line of steepest ascent
until a ridge of the response surface was reached (i.e., response values start to
decrease again). At the ridge a new CCD was set up, resulting in a new quadratic
approximation of the response surface. This process was continued until an opti-
mum was found. All calculations were done using the package rsm (Lenth 2010)
of the statistical software system R (R Development Coe Team 2014) [159].

Figure 7.2: Illustration of the Central Composite Design (CCD) and the search
strategy: a) three-dimensional CCD consisting of the corners of a cube (black)
complemented by star design points (red); b) the response variable is simulated
at the points of an initial Central Composite Design; ¢) based on these values the
unknown response surface is approximated by a quadratic surface. The direction

of steepest ascent (black dots) suggests points for further simulations.

7.3 Results

7.3.1 Hemodynamic simulations of three EC models

Time-averaged WSS and WSS difference distribution

To gain insight into the effect of different microstructure models on platelet
adhesion, the time-averaged WSS distribution (Fig. 7.3 a-c) and WSS difference
between top and ground area of the microstructures (Fig. 7.4) in one cardiac

cycle of 0.52 s was investigated.
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Figure 7.3: Simulation plots show the time-averaged WSS distributions on the
three models during one cardiac cycle: a) cuboid; b) ellipsoid; ¢) pyramid, with red

being the highest value (36 Pa) and blue being the lowest value of WSS (0 Pa).
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The WSS on the unstructured areas of all three microstructure models was
uniform with 9.3 Pa (Fig. 7.3 a-c). The microstructures caused a shear gradient
with noticeably increased shear stress values on the top of the structures and
partly decreased values in the interspacing areas compared to the unstructured

regions (Fig. 7.3 a-c).
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Figure 7.4: The WSS difference between top and ground areas of the microstruc-
tures for the whole cardiac cycle of 0.52 s of three models: cuboid, ellipsoid and

pyramid.

The cuboid model caused a time-averaged WSS of 12.4 Pa on top of the
structures and in the interspacing regions a time-averaged WSS of 1.2 Pa which
resulted in the lowest WSS difference between top and ground of 11.2 Pa (Fig.
7.3 a, Fig. 7.4). The ellipsoid model induced a significantly higher time-averaged
WSS of 28.3 Pa on top of the structure compared to the cuboid model, while
that on the interspacing was lower (0.9 Pa), leading to a WSS difference of 27.4
Pa (Fig. 7.3 b, Fig. 7.4). The pyramid model showed the highest time-averaged
WSS of 33.8 Pa on top of the structures and, simultaneously, the highest time-
averaged WSS of 5.8 Pa on the ground inbetween microstructures which leaded,
to the highest WSS difference of 28 Pa (Fig. 7.3 ¢, Fig. 7.4). According to this
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point, the cuboid model seems less favorable in order to reduce platelet adhesion
and aggregation compared to other microstructure models.

Velocity vector and OSI distributions

The velocity vector and OSI distributions on the three models are illustrated
(Fig. 7.5). The velocity vectors of the cuboid model show a turbulent region
inbetween two neighboring structures (Fig. 7.5 a). The blood flow in this area
is disturbed and circled (Fig. 7.5 a). In consequence, the WSS in this region is
very small (Fig. 7.3 a) and oscillatory (Fig. 7.5 a). The oscillatory WSS was
further quantified by the OSI ranged from 0 (non-disturbed flow, i.e. lowest risk
of platelet adhesion) to 0.5 (for the most disturbed flow, i.e. the highest risk of
platelet adhesion and aggregation). The OSI was calculated for the whole cardiac
cycle and the whole surface. The cuboid model showed the highest mean OSI
(5¢™*) compared to the other models. The highest OSI values appeared in the
interspacing between microstructures. In the ellipsoid model, the regions with
high OSI values were observed close to the edges of the ellipsoids (Fig. 7.5 e),
where velocity vectors (i.e. the shear vectors) changed their direction (Fig. 7.5 b).
The lowest values of OSI were found in the pyramid model (Fig. 7.5 f) resulting
from a laminar blood flow over the pyramid microstructured surface. Therefore,
the pyramid model seems most favorable in order to reduce platelet adhesion and

aggregation compared to the other microstructure models.

7.3.2 Optimal geometrical parameters and distance

The geometrical parameters (area, aspect ratio, height) and the distance between
adjacent microstructures were optimized in order to achieve the highest WSS
difference (between top and ground of the microstructures). Therefore, the sta-
tistical response surface methodology using Central Composite Design (CCD) was
used in order to reduce the number of needed simulations. Analysis of simulation
results due to the final CCD revealed the contour plots for the approximated
response surface of time-averaged WSS difference between top and ground of
the microstructures in relationship to the geometrical parameters of EC pyramid
model under each shear condition, e.g. for the CCA (Fig. 7.6).
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Figure 7.5: Velocity vectors and OSI distribution in three different models. Simu-
lation plots showing velocity vectors at the chosen time step ¢t = 0.114 s: a) cuboid
model; b) ellipsoid model; ¢) pyramid model. The size and color of vectors in all the
images show the magnitude of velocity, with red being the highest value (0.07 m/s)
and blue being the lowest value (0 m/s). Simulation plots showing OSI values for
one cardiac cycle in three models: d) cuboid model; e) ellipsoid model; f) pyramid

model with red being the highest OSI value (5¢~*) and blue being the lowest value
of WSS (0).
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Figure 7.6: Contour plots for the approximated response surface for shear differ-
ence (between top and ground of the microstructures) in the common carotid artery

resulting from the final Central Composite Design (CCD).
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Table 7.1: Results of the best combination of geometrical parameters and distance
for the endothelial cell pyramid model in two different patterns for the carotid and
iliac artery. (*The parameters were calculated based on the blood flow rate and
vessel diameter investigated in chapter 6 [123]. **The information was investigated
in chapter 6 [123].)

Artery Carotid lliac

Parameter Simulation Natural EC** Simulation Natural EC**
Blood velocity™* 0.46 0.46 0.49 0.49
[m/s]

WSS condition 9.26 - 10.56 -

[Pal

Cell length 14.38 12.46 £+ 2.06 17.47 14.36 +£ 2.6
[1im]

Cell width 6.85 5.79+1.14 6.24 6.08 +=1.42
[im]

Cell height 4.77 4.434+0.3 4.05 3.82 £ 0.56
[m]

Aspect ratio 2.1 2.24 £0.57 2.75 2.47 £ 0.65
Cell area 49.24 48.62 +=11.65 54.5 58.08 £+ 18.59
[1m?]

Cell perimeter 31.85 30.99 +4.11 37.1 35.22 = 5.57
[im]

Distance 2.85 - 4.75 -

[m]

Highest WSS 41.55 - 35.98 -
difference |Pa]

WSS on top 47.02 - 46.17 -

[Pal

The analysis results were divided into six plots showing the relationship be-
tween every two parameters (area, aspect ratio, height and distance) and the

time-averaged WSS difference (Fig. 7.6). The contour plots (Fig. 7.6) also sug-
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gest the highest value of WSS difference and the corresponding parameters of
area, aspect ratio, height and distance for the common carotid and iliac arteries
listed in Table 7.1. Based on the results of area and aspect ratio, the length,
width and perimeter were calculated (Table 7.1).

The optimal geometrical parameters of the EC pyramid models are different in
the common carotid and iliac arteries due to different shear conditions. To exam-
ine the correlation between the optimal geometrical parameters and shear condi-
tion, the time-averaged WSS values in these arteries were calculated (with smooth
surfaces, i.e. without microstructures) using simulations with FEM. The simu-
lation results revealed a shear condition of 10.56 Pa in the iliac artery, whereas
that was lower in the common carotid artery with 9.26 Pa (Table 7.1). The CCD
results showed a higher aspect ratio (length to with) for the EC model in the iliac
artery (2.1) compared to that of the common carotid artery (2.75) (Table 7.1).
This resulted in an EC model with longer length and a narrower width in the iliac
artery (Table 7.1). The height of the EC pyramid model for the iliac artery and
the common carotid artery was 4.77 ym and 4.05 pym, respectively (Table 7.1). In
contrast to the height, the area and perimeter of the EC model in the iliac artery
were higher compared to that of the common carotid artery (Table 7.1).These
results indicate a correlation between geometrical parameters of EC model and
the WSS condition. Under high shear condition, the EC model exhibits a reduced
height and becomes longer and narrower (i.e. increased aspect ratio) with the
increased area of the base and increased perimeter compared to that under lower
shear condition. These optimal values of the geometrical parameters of the EC
pyramid model as well as their relationships to shear stress conditions agree well
with that of the natural ECs in each artery. Interestingly, the WSS on the top
of the pyramid microstructure are nearly the same in the iliac (46.17 Pa) and
carotid (47.02 Pa) arteries (Table 7.1).

7.4 Discussion

The study presented here investigated the effect of different computational models
(cuboid, ellipsoid and pyramid) mimicking ECs and the effect of varied geometri-

cal parameters on shear stress difference which directly affects platelet adhesion.
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By using hemodynamic simulations with FEM, we found that the pyramid model
induced the highest shear difference between top and ground of the microstruc-
tures with the lowest oscillatory shear index (OSI) compared to other models
which is assumed to have the best effect on reducing platelet adhesion. By uti-
lizing CCD to reduce the number of necessary simulations of the pyramid model
with varied geometrical parameters and distance, we found that the optimal com-
bination of these parameters which induce the highest shear differences for each
artery type agrees well with the geometrical parameters of the natural ECs in the

respective artery.

7.4.1 Hemodynamic simulations of three EC models

It has long been known that high shear stresses in general reduce platelet adhe-
sion on biomaterials surfaces [31, 122]. Our previous study investigated the effect
of bioinspired microstructured surface on reducing platelet adhesion. The results
indicated that the WSS difference between top and ground of the microstructures
directly affects the platelet adhesion [146]. The higher the WSS difference be-
tween the top and ground of the microstructures, the fewer platelets adhere to the
microstructured surface [146]. High WSS difference lead to less interaction be-
tween the upper blood layer on top of the microstructures and the trapped blood
layer on the ground inbetween the microstructures, leading to a reduced trans-
fer of platelets from the upper layer to the trapped layer and, consequently, to
reduced platelet adhesion to the biomaterial surface [146|. In this current study,
the pyramid and ellipsoid models had a higher time-averaged WSS difference of
27.4 Pa and 28 Pa, respectively, compared to the cuboid model of 11.2 Pa (Fig.
7.3). Hence, our findings show that the cuboid model is less favorable in reducing
platelet adhesion compared to the other models.

The effect of flow disturbance on platelet adhesion and aggregation has been
widely investigated [148, 149, 160|. A disturbed flow resulting from a reduction in
the vessel lumen diameter is the main cause of platelet adhesion, activation and
aggregation in both natural and artificial blood vessels [148, 149, 160]. In addi-
tion, the development of thrombi through the progressive stabilization of discoid

platelets aggregates normally happens in low and oscillatory shear zones [32]. In
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this current study, the hemodynamic simulation results of vector fields revealed
the most disturbed flow on the interspacing between the cuboid microstructures.
The shear stress vectors in this area were, consequently, oscillated and circled
which resulted in the highest OSI value (Fig. 7.5 a, d). The pyramid model
induced no disturbed flow with the smallest OSI number compared to the other
models, which means that the shear stress vectors did not change their direction.
Therefore, the pyramid model may have the highest impact on reducing platelet
adhesion compared to the other models.

In brief, microstructured surfaces causing high WSS difference and low OSI re-
duce the adherence of platelets to the surface, leading to a low risk of thrombosis.
Overall, our findings indicate that the cuboid is the least suitable model, whereas
the pyramid model is most favorable for decreasing platelet adhesion and aggre-
gation because of the highest WSS difference and the lowest OSI values. Thus,
the pyramid model was used for optimizing the geometrical parameters by CCD
method.

7.4.2 Optimal geometrical parameters and distance

Although the adaption of the natural ECs form under shear stress conditions
has long been recognized [114, 151, 161], research on bioinspired microstructures
mimicking ECs for vascular grafts depending on shear stress has not been carried
out in detail. Our study suggested the best combinations of geometrical param-
eters of the EC pyramid model inducing the highest WSS difference under the
two different shear conditions that occur within the common carotid and iliac
arteries.

Hemodynamic simulations of the blood flow indicated higher shear stress of
10.56 Pa in the iliac artery compared to that in the common carotid artery with
9.26 Pa (Table 7.1). In our previous study [123|, the characterization of the nat-
ural EC shapes in their native state revealed a cell height of 3.82 + 0.56 pm and
4.43+0.30 pm in the iliac and common carotid arteries, respectively (Table 7.1).
In contrast to the cell height, the cell aspect ratio of the natural ECs was increased
with increasing shear tress. The cell aspect ratio of the natural ECs in the carotid

and iliac arteries were 2.24 + 0.57 pm and 2.47 + 0.65 um, respectively. In ad-
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dition, the cell area and perimeter increased under higher shear stress conditions
(Table 7.1). In general, under high shear conditions, the native ECs reduce their
height and become longer and narrower (i.e. higher cell aspect ratio), whereas
the area of the base and the cell perimeter are increased compared to that under
lower shear condition. In the current study, the suggested EC pyramid model for
the iliac artery inducing the highest shear difference also shows lower height but
higher aspect ratio, area and perimeter compared to that of the common carotid
artery (Table 7.1). The geometrical parameters of the EC pyramid model have
the same relationship to shear stress conditions as that of the natural ECs. Our
hypothesis, that the aspect ratio (of length to width), base area and perimeter
of the EC microstructure model are proportional to the shear stress, whereas
the height is decreased with increasing shear condition was, therefore, accepted.
In addition, the suggested optimal values of geometrical parameter inducing the
highest WSS difference in each artery are quite similar to the geometrical pa-
rameters of the natural ECs (Table 7.1). Therefore, our findings indicate that
the natural ECs exhibit the best effect on enhancing WSS difference, i.e. reduc-
ing platelet adhesion. Our investigations of a pyramid model mimicking ECs on
WSS difference help to gain better insight into the reorganization mechanism of
the natural ECs under shear conditions. Applied shear stress is considered as a
primary triggering signal for cellular remodeling of ECs when exposed to blood
flow [162]. The distributions of WSS on the EC surface are not uniform with the
highest shear stress on the top and the smallest shear stress on the ground of the
cell [162]. This non-uniformity distribution of WSS on the EC surface plays a
crucial role in the mechanism of cell activation, cell modification of cytoskeleton
and distributions of adhesion molecules, etc. leading to cell shape change [162].
This stress is transmitted from the luminal surface to focal adhesion contacts
through the endothelial cytoskeleton including microtubule and microfilament
networks [135]. Our study indicates that, under higher shear condition, the reor-
ganization of the cytoskeleton leads to a new steady state of the EC configuration
with longer, narrower shape, increased area and cell perimeter but decreased cell
height. This new shape induces the possible highest WSS difference leading to
the best effect on reducing platelet adhesion.

As a unique layer in contact with blood, the ECs play a pivotal role in the
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control of haemostasis and thrombosis. They are the primary source of many
of the major haemostatic regulatory molecules. Healthy ECs are anticoagulant
and antithrombotic. With the ability to release antiplatelet agents, including
prostacyclin and nitric oxide to prevent platelet adhesion and aggregation, ECs
provide an antiplatelet surface [163]. Our study figured out that, the form of
ECs also plays an important role in preventing platelet adhesion. Under a cer-
tain shear condition, ECs adapt their form to the blood flow to create a most
suitable shape which induces the highest WSS difference to reduce platelet adhe-
sion. Our findings help change the paradigm about the antithrombotic property
of endothelial cells that, beside the biological functions, the physical function of
the EC morphology also contribute to prevent platelet adhesion.

Our study investigated for the first time the microstructure form mimicking
the natural ECs for vascular graft surfaces with optimal geometrical parameters
depending on shear stresses. As a next step, the effect of these models should be

experimentally investigated under different shear conditions.

7.5 Conclusion

Our results indicate that the pyramid shape is the most suitable model for the
microstructure mimicking ECs because of the induced highest WSS difference
and the lowest OSI value compared to other models. In addition, an optimized
combination of geometrical parameters for the pyramid microstructure model un-
der each shear condition of carotid and iliac arteries was suggested. Our findings
may lay a basis for the development of the-next-generation of vascular grafts with
bioinspired microstructured surface. We found that the natural ECs possess the
optimal form to prevent platelet adhesion. Under shear stress, the ECs change
themselves into the most suitable shape which induces the highest WSS difference

to reduce platelet adhesion.
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Summary

Thrombosis is one of the major failures of synthetic vascular grafts, especially
for those with a small diameter (< 6mm). The main trigger of thrombosis is
platelet adhesion, activation and aggregation. A natural blood vessel with an
endothelial cell layer is believed to be the best material to prevent the triggering
of platelet adhesion and aggregation. The traditional approach to enhance the
blood compatibility of vascular grafts is endothelialization for the inner wall of
grafts. However, endothelialization procedures are labor intensive, costly and
require a considerable amount of time. The endothelial cell sheet is somewhat
neither complete nor stable. A new recently investigated approach to improve
the blood compatibility of vascular grafts is to create micro- and nanostructures
mimicking the morphology of the inner surface of natural blood vessels, i.e. the
EC morphology.

The aim of the PhD research project was to design a bioinspired microstruc-
tured surface for synthetic vascular grafts by mimicking the EC morphology that
inhibits the platelet adhesion and aggregation, thereby decreases the activation of
thrombogenic pathways. The research goal was achieved by using both computer
simulations and experimental studies of haemodynamics.

Hemodynamic aspects of reduced platelet adhesion on bioinspired
microstructured surfaces

The first objective of this PhD research was to investigate the hemodynamic

aspects of platelet adhesion, the main cause of thrombosis, on bioinspired mi-
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crostructured surfaces. The hypothesis that platelet adhesion is statistically sig-
nificantly reduced on bioinspired microstructured surfaces compared to unstruc-
tured surfaces under shear condition was tested.

For this, platelet adhesion as a function of the microstructure dimensions was
investigated under flow conditions on polydimethylsiloxane (PDMS) surfaces by a
combined experimental and theoretical approach. PDMS surfaces were modified
with hemispherical microstructures arranged in regular arrays. The fabrication
of these microstructured surfaces was realized by using laser ablation and soft-
lithography. The effect of microstructures on platelet adhesion was investigated
in a flow cell channel with multilayer parallel plates using porcine blood labelled
with DiOC6. The platelet adhesion on surfaces was observed and analyzed by
confocal laser scanning microscopy. In addition, water contact angle and surface
resistance to flow characterized by pressure drop of both PDMS microstructured
and smooth surfaces were measured to study the effect of these factors on platelet
adhesion.

Platelet adhesion was statistically significantly reduced (by up to 78 %; p <
0.05) on the microstructured PDMS surfaces compared to that on the unstruc-
tured control surface. FEM simulations of blood flow dynamic revealed a micro
shear gradient on the microstructure surfaces which plays a pivotal role in reduc-
ing platelet adhesion. On the surfaces with the highest differences of the WSS
between the top of the microstructures and the ground areas, platelet adhesion
was reduced most. In addition, the microstructures help to reduce the interaction
strength between fluid and surfaces, resulting in a larger water contact angle but
no higher resistance to flow compared to the unstructured surfaces.

Quantitative characterization of endothelial cell morphologies de-
pending on shear stress

In the natural blood vessel, the ECs are able to change their shapes depend-
ing on different shear conditions. In order to mimic the EC morphology for
microstructured surfaces, it is necessary to understand the change of the EC
morphology under shear conditions. However, the quantitative correlation be-
tween EC morphology and shear stress has not yet been investigated statistically.
Therefore, second objective of the PhD research was to investigate the quantita-

tive correlation between EC forms in different blood vessels and shear stress.
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For this, the EC morphologies in four types of natural blood vessels (carotid,
renal, hepatic and iliac arteries) from domestic pigs were quantitatively character-
ized ex vivo by imaging with high resolution scanning electron microscopy (SEM)
and cross-sectioning of the cells using a state-of-the-art Focused Ion Beam (FIB).
The blood flow rates and blood vessel diameters were also measured to calculate
the shear stress in these blood vessels.

The relationships between EC geometrical parameters (length, width, aspect
ratio of length to width and height) and shear stress were statistically analyzed
and found to be exponential. ECs in the blood vessels of different organs have
different cell morphologies due to different shear conditions in those vessels. ECs
under high shear stress conditions had a longer length and narrower width, i.e.
a higher aspect ratio, while the cell height was smaller compared to low shear
conditions.

Optimize the inhibition of platelet adhesion on microstructured us-
ing FEM simulations

After successful characterization of the EC morphology, the third objective of
this research was to find a suitable microstructure form mimicking the natural
ECs for vascular graft surfaces with optimal geometrical parameters depending
on shear stresses.

By using FEM simulations of the blood flow over different EC computational
models (cuboid, ellipsoid and pyramid) based on the geometrical characterization
of the natural ECs, we found that the pyramid microstructure model induced the
highest WSS difference between top and ground of the microstructures with the
lowest OSI compared to the other models which is assumed to have the best effect
on reducing platelet adhesion. By utilizing CCD to reduce the required simula-
tion number of the pyramid model with varied geometrical parameters (aspect
ratio of length to width, base area and height) and distance, we suggest optimal
combinations of these parameters which induce the highest shear differences un-
der two different shear conditions of the common carotid and iliac arteries. In
addition, we found that the physical effect of the EC morphology also contributes
to antithrombotic property of ECs. The natural ECs have an optimal form to
prevent platelet adhesion. Under a certain shear condition, endothelial cells adapt

their form to the blood flow to create a most suitable shape which induces the
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highest WSS difference for reducing platelet adhesion.

These findings provide new insight into the fundamental mechanisms of re-
ducing platelet adhesion on microstructured bioinspired surfaces and may lay the
basis for the development of innovative next generation artificial vascular grafts

with reduced risk of thrombosis.
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