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ABSTRACT

Keywords: coronary artery disease, stent, blood, hematology, hemorheology

Background: Coronary artery disease is the most common type of heart disease and cause
of death worldwide. Specifically, the developing plaque formation narrows the passage
of the coronary arteries, leading to a decreased supply of blood, oxygen, and other vital
nutrients to the heart. Cardiovascular implantation (stent) has been used as the primary
solution in restoring blood flow after arterial stenosis. Despite the wide clinical usage of
stents, stent functionality is compromised by complications at the site of implantation,
including thrombosis and occlusion. The usage of stenting alters the local flow conditions
in the artery, and the effects of these alterations on stent thrombosis and restenosis are
still not fully understood. Furthermore, there is limited information on the effect of the

stent presence on specific hemorheological parameters.

Objective: This study aims to investigate the effects of stent implantation on
hematological, hemorheological, and hemodynamic parameters, assessing how these

alterations may compromise stent functionality and circulatory physiology.

Methods: Experimental evaluations were conducted using both in vivo and in vitro
approaches. In vivo experiments involved implanting custom-made self-expanding nitinol
stents in the common carotid artery of male mice (CD1), with blood samples collected at
5- and 10-weeks post-implantation for hematological and hemorheological analysis. /n
vitro studies involved blood flow through single and overlapping stents within polymer
tubes under different flow conditions and configurations, reflecting coronary artery
morphologies. Commercially available stents were placed in clear perfluoroalkoxy alkane
tubing connected to a syringe-pump and pressure sensing system. Hematological and

hemorheological measurements, were performed using standard techniques.

Results: Stent implantation led into notable changes in hematological and
hemorheological indices. Results from the In vivo studies demonstrated increased
hematocrit and decreased RBC deformability at 10 weeks post-implantation, contributing
to elevated blood viscosity, despite a slight reduction in RBC aggregation. These

alterations may be linked to inflammatory responses at the implant site.

Findings from the in vitro investigation revealed a significant increase in RBC
aggregation, particularly among female subjects, and altered blood viscosity at higher
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flow rates. The influence of stenting on the in vitro hemodynamics was revealed in the
pressure-drop across the stented region, which was found to vary, depending on the stent

configuration.

Conclusions: The presence of a stent influences specific hematological, hemorheological
and hemodynamic parameters, at specific flow conditions, potentially impacting long-
term stent functionality. The findings underscore the need for further investigation into
the physiological consequences of stent-induced hemorheological changes to optimize

stent design and improve clinical outcomes.
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Part I: Background and introduction

Chapter 1: Prologue
1.1 Background and motivation

Cardiovascular disease remains one of the most common causes of mortality and
morbidity in the world [1-4]. Effects of heart disease usually are poor blood
circulation, angina pectoris, lack of oxygen and can also cause myocardial infarction
[5]. The cardiovascular stent is the conventional medical device for treating arterial
stenosis [6—8]. However, the stenting effectiveness is undermined by complications
such as delayed endothelization, early and late thrombosis, and in-stent restenosis

(ISR) [9-12].

New generation designs and types of stents have been developed and are available
for clinical applications, but the aforementioned complications after implantation are
still in many cases a major limitation, influencing the effectiveness of the treatment
[6,9,11,13—-17]. Many stent types with different mechanical and biochemical
characteristics have been developed to modulate the inflammatory reaction, which
has been identified as a cause of complications after stent implantation [6]. Vascular
and circulating white blood cells also play an important part in post-stenting
complications, as they react to the mechanical and biochemical stimuli induced by
physicochemical interactions with the stent’s surface. Experimental in vitro and
clinical evidence suggests that changes in the arterial biomechanochemical
environment due to stent implantation are the main causes of the initiation of
thrombosis and restenosis [18-20]. Therefore, implanted materials, such as stents,
must possess specific characteristics that allow them to integrate seamlessly into the
target tissue without causing an excessive foreign body reaction [21]. The most
commonly used surface treatment method for minimizing post-implantation
complications is electropolishing [22-24] however, additional research is necessary
to clarify the effectiveness of the particular treatment [23]. In a recent work by
Kapnisis et al [25], electropolished and surface-modified devices were evaluated in
a mouse stent implantation model. Stent-induced and biocorrosion-related alterations

were identified in the nanostructure, cytoskeleton, and mechanical properties of
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circulating lymphocytes and it was demonstrated that stent surface wear and metal
particle contamination affect the peri-implant inflammatory response. While the
latest generation of drug-eluting stents (DES) has drastically reduced the occurrence
of early-stage ISR, through inhibition of cell proliferation, extended late-phase in-
stent restenosis has been reported [26-28]. Incomplete or delayed stent
endothelialisation, caused by drugs like sirolimus and paclitaxel, affects local flow

conditions and thereby the RBC profile and blood rheological properties [29,30].

The new generation of stents has decreased the possibility of complications after
implantation, but the limited effectiveness of the implant is still present [31,32]. It is
well known that hematologic parameters are affected by diseases and play an
important role as markers in human and veterinary medicine. Mice models are
suitable and are used for human-related research to find solutions to biological
questions [33]. Over the years, many research articles have been published using

mouse models.

1.2 Rationale - Aims and objectives

The importance of this study lies in the fact that most of the past research is based on
simplified theoretical models and computational fluid dynamics analysis, lacking in
vivo and vitro verification. Complications after stent implantation influence basic
physiological and pathological parameters, that dominate the non-Newtonian nature
of' blood, which have not been thoroughly investigated. Therefore, the hypothesis set
in this Thesis is that the presence of a stent in the flow of blood may affect various
physiological and mechanical properties of the fluid, reflected in haematological,

rheological and hemodynamic indices.

The main aim of the project is to investigate changes in hematological
hemorheological and hemodynamic parameters as a result of blood flow through
stented vessels. The study includes in vivo approaches, using animal models and in

vitro tests in stented polymer tubes using human blood and appropriate stents



In the in vivo approach, the study investigates the effects of stenting and the
implantation time-course on hematological and hemorheological parameters that

could potentially compromise the device’s functionality and longevity.

The in vitro part of the study builds up and expands on previous knowledge by
thoroughly investigating, the stent-induced changes in hematological
hemorheological and hemodynamic parameters. The evaluation covered single and
overlapping stent cases, to account for common clinical practices, in both straight
and curved geometries (reproducing various coronary artery morphologies), under
two different biomechanical flow regimes, reflecting a range of physiological flow

conditions.

To summarize, the specific objectives of the study were to:

e Conduct a comprehensive literature review on coronary artery disease,
cardiovascular implants, and complications following stenting

e Determine the role of blood rheological properties and how they are affected
after stenting

e Examine in vivo the effects of stenting on hematological and hemorheological
parameters at various post-stenting time points and investigate stent-induced
alterations in white blood cell mechanical properties.

e Investigate the effect of single stenting and overlapping stenting on

rheological and hematological parameters.

1.3 Thesis outline

The study was carried out through a collaboration between the Biorheology
Laboratory and the Biomechanics and Living Systems Analysis (BioLISYS)
Laboratory in the Department of Mechanical Engineering and Materials Science and
Engineering at the Cyprus University of Technology. Innovative methodological
approaches were applied throughout the study, including two main experimental
parts, the in vitro setting to evaluate stent-induced changes in hematological,

hemorheological and hemodynamic parameters and the in vivo experimental part to



assess the effects of stenting and the implantation time-course on hematological and

hemorheological parameters.

The thesis is organised into five Parts including an introductory part (Part I), a second
part in which the general methodology is explained (Part II), two following parts
(Parts III and IV) elaborating on the different aspects of the study (in vivo and in
vitro) and a general discussion/conclusions part (Part V). Part V also includes a
synopsis chapter. In Parts Il and IV, additional details of the methodology and
literature review are provided at each relevant chapter in order to aid in the

description of the work performed.

The Background and Introduction Part I provide a comprehensive overview of the
research context, motivation, and objectives. Chapter 1 in Part I introduces the
current state of the art in the field, outlining the background and motivation for the
study. It emphasizes the significance of the research, states the primary aims, and
defines the objectives of the project. This chapter concludes with an outline of the
thesis structure. Chapter 2: Sections 2.1-2.4 in Part I, explores the fundamental
aspects of blood, beginning with its constituents and their biological functions. The
relevance of hematology in the context of cardiovascular implants is discussed,
followed by an introduction to blood rheology. Key properties, including blood
viscosity, red blood cell (RBC) aggregation, and RBC deformability, are analyzed in
detail, highlighting their importance for cardiovascular issues. Section 2.5 examines
cardiovascular diseases and their treatment, focusing on the use of coronary stents.
The distinctions between bare-metal stents and drug-eluting stents are discussed,
along with their respective advantages and challenges. This section also addresses
complications such as stent failure and reviews clinical and experimental in vitro

studies, providing a foundation for the research.

The Methodology Part describes the common experimental methods employed in
both Parts III and IV of the study. Section 4.1 details the hematological techniques
used to analyze blood components, establishing the framework for subsequent
analyses. Section 4.2 focuses on the assessment of hemorheological parameters,
including blood viscosity, RBC aggregation and RBC deformability and Section 4.3
presents the pressure system. The methodologies described in these chapters are

integral to understanding the study's findings.



The in vivo investigation for elucidating the effects of stent implantation forms Part
111 of the thesis, elaborating on the impact of stent implantation on hematological and
hemorheological parameters utilising specific mice models. In this part the objectives
of the in vivo study are initially introduced, followed by a detailed description of the
methodologies employed. Topics include stent, animal models, mouse stenting
procedures, blood sampling and preparation, and Chapter 5 in Part III, presents the
results obtained from the in vivo experiments. Hematological evaluations are
reported first, followed by hemorheological findings, including viscosity, RBC
aggregation, and RBC deformability. Section 5.4 provides a critical analysis of the
results, discussing their implications for cardiovascular implant performance and
their potential relevance for clinical applications. Results from this Part of the PhD
programme have been published in Clinical Hemorheology and Microcirculation

[34]:

Kokkinidou, D., Kaliviotis, E., Shammas, C., Anayiotos, A., & Kapnisis, K. (2024).
An in vivo investigation on the effects of stent implantation on hematological and
hemorheological parameters. Clinical Hemorheology and Microcirculation, 87(1),

39-53. doi: 10.3233/CH-231921. PMID: 38143339.

Chapter 6 elaborates on the investigation of stent presence on Lymphocyte stiffness.
Results from this Part of the PhD program have been published in ACS Biomaterials
Science & Engineering [25]:

Kapnisis, K., Stylianou, A., Kokkinidou, D., Martin, A., Wang, D., Anderson, P. G.,
Prokopi, M., Papastefanou, C., Brott, B. C., Lemons, J. E., & Anayiotos, A. (2023).
Multilevel assessment of stent-induced inflammation in the adjacent vascular tissue.
ACS  Biomaterials Science & Engineering, 9(8), 4747-4760.
https://doi.org/10.102 1/acsbiomaterials.3c00540.

The in vitro evaluation of the effect of stent configuration forms Part IV of the thesis,
exploring the influence of stent design features, such as curvature and overlapping,
on hematological and hemorheological profiles. Chapter 7 in Part IV, commences
with the rationale for this experimental approach, and describes the methodologies
employed, including blood sample preparation, stent design, tube stenting
configurations, and the experimental procedure. Section 7.3 presents the results of
this experimental study, focusing on hematological, hemorheological and

5



hemomodynamic evaluations under different stent configurations. Section 7.4
discusses the findings in the context of stent design optimization and their
implications for hemorheological properties and blood flow. Results from this Part
of the PhD program have been published in the Journal of Cardiovascular

Engineering and Technology [35]:

Kokkinidou D., Kapnisis K., M. Chrysostomou, Shammas C., Anayiotos A, Kaliviotis
E. (2025). In vitro evaluation of the effect of stenting on hematological,
hemorheological and hemodynamic parameters, in various stent configurations and

flow conditions. Journal of Cardiovascular Engineering and Technology, DOI:

10.1007/s13239-025-00791-0.

A general discussion of the results of the study is provided in Part V of the thesis. In
this part, the findings from Parts III and IV are synthesized and an overall discussion
is provided in Chapter 8. The Thesis closes with Chapter 9: which provides a

comprehensive summary of the study's conclusions and future work.



Chapter 2: Literature review
2.1 Blood

The average adult human possesses over 5-6 liters of blood. Blood is a specialized
and vital fluid in the human body that contains different cells, proteins and sugars
[36]. Each of the elements plays a unique role in maintaining overall health and
homeostasis. Beyond its complex composition, blood performs a wide array of

essential functions critical to life.

It acts as a transport system, delivering oxygen and vital nutrients to the lungs and
tissues while removing waste products for filtration and excretion through the
kidneys and liver. Blood also plays a pivotal role in defence, carrying immune cells
and antibodies to combat infections. Additionally, it aids in wound repair through
clot formation, preventing excessive blood loss. Blood’s role extends to temperature

regulation, ensuring the body maintains an optimal internal environment.

The circulatory or cardiovascular system is a complex system of distribution of
nutrients, gases, electrolytes, removal of waste products of metabolism and other
substances. The system consists of the heart, the blood, the blood vessels and the
lymphatic system. The main blood vessels include arteries, arterioles, capillaries,
veins, and venules, transporting blood throughout the body. Blood vessels form a
network that allows blood to flow from the heart to all living cells and back to the
heart [37]. Another essential part of the circulatory system is the lymphatic system,
which drains a fluid known as lymph and includes lymph vessels, lymph nodes and
lymph glands. The cardiovascular system circulates blood throughout the body, with
the ability to adjust the speed and volume of blood flow in response to various
stimuli. Regulation of the cardiovascular system is influenced by a wide range of
factors, including changes in blood volume, hormones, electrolytes, osmolarity,

medications, adrenal gland activity, and kidney function, among others [38].

Arteries transport oxygen-rich blood to organs under high pressure. With elastic
tissue to expand and contract, arteries maintain steady flow despite the pulsatile
heartbeats. Arteries, branch into muscular arteries, like the brachial and femoral, and
then into smaller arterioles. Arterioles, mainly smooth muscle, regulate blood flow

based on the body’s needs and control vascular resistance [39].



Capillaries, the thinnest vessels, allow nutrient and waste exchange via diffusion.
Venules collect blood from capillaries, facilitating additional exchange before
transferring it to veins. Veins, with thin, low-pressure walls, hold most of the body’s
blood and contain one-way valves to ensure blood returns to the heart. Muscle

contractions and breathing help veins move blood from the lower extremities [39].

2.2 The constituents of blood
2.2.1 Human blood

Blood is composed of plasma, white blood cells (WBCs), platelets, and red blood
cells (RBCs). Plasma makes up about 55% of the blood and contains water along
with essential proteins, sugars, and fats. The remaining 45% consists of cellular
components, including red blood cells (RBCs), which carry oxygen, and WBCs and
platelets, which are involved in immune defence and blood clotting, respectively. All
blood cells originate from stem cells in the bone marrow and mature into RBCs,
WBGCs, or platelets. RBCs are shaped like “biconcave disks,” with a disc diameter of
approximately 6.2-8 pm and a 2 pm thickness at the edges [40]. There are
approximately 5 billion RBCs per millilitre of blood, so the total RBCs’ surface area
in a normal human adult is approximately 3000 m?. The cytoplasm contains large
amounts of hemoglobin (Hb), an iron-containing protein that efficiently binds
oxygen. This high concentration of Hb enhances the oxygen transport capacity of
blood, as a result, the oxygen-carrying capacity of whole blood is approximately 65
times more effective than that of plasma alone (~ 21 ml O2 per 100 ml blood versus
0.3 ml O2 per 100 ml plasma, at 1 atmosphere) [40]. The volume fraction of RBCs

i1s important to the rheological and physiological characteristics of blood that a

Volume of RBCs
Total blood volume’

specific term, known as the hematocrit (Hct) defined by HCT =

WBCs are further categorised into lymphocytes, monocytes, and granulocytes, the
latter of which include neutrophils, eosinophils, and basophils. Together, these
components enable blood to transport nutrients, remove waste, fight infections, and

prevent blood loss [36]. Figure 2.1 illustrates the various cell types contained in the



whole blood, while Figure 2.2 presents a detailed breakdown of the components

within human blood.
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Figure 2.1: Blood cells [41].

Morphological abnormalities of erythrocytes can arise from either the production of
defective erythrocytes in the bone marrow or pathological conditions affecting the
erythrocytes within the circulation. Macrocytes typically indicate abnormal
erythropoiesis, characterized by a reduced number of cell divisions during the

maturation of erythroid precursors [42].
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Figure 2.2: Composition of blood [39].

2.2.2 Animal (rodent) blood

The cardiovascular systems of rodents and humans share many similarities but also
notable differences. Murine RBCs are spherical, anucleate, biconcave discs with
central pallor, measuring approximately 4 to 7 um in diameter. Total RBC counts in
mice range between 7800 and 10,600 per microliter, with hematocrit (HCT) levels in
healthy controls spanning 35% to 52%, which generally corresponds to three times
the hemoglobin (HGB) concentration. Mice have relatively small RBCs compared to
most mammals, with a mean cell volume (MCV) of 45 to 55 fL. Additionally, mouse
RBCs have a shorter half-life of 38 to 52 days, contrasting with the longer RBC
lifespans observed in humans and other species. White blood cell (WBC) counts in
mice typically range from 2000 to 10,000 per microliter, and their blood composition
is distinctively rich in lymphocytes, making up 75-90% of the total WBC count.
Neutrophils constitute only 10-25% of murine WBCs, a stark contrast to human
blood, where neutrophils dominate, comprising 60-70% of the total WBCs, with
lymphocytes accounting for 20-25%. Human WBCs are generally 10 to 15 um in
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diameter, with scant blue cytoplasm, smooth chromatin, and a centrally placed,

round, or slightly indented nucleus, as shown in Figure 2.3.

Carotid arteries are prone to atherosclerosis in humans, often leading to
atherothrombotic complications or acute thrombosis following carotid stenting,
which can result in strokes. Unlike humans, mice do not naturally develop
atherosclerosis. The carotid artery is a primary site for mouse thrombosis research
due to its size and accessibility. Human carotid artery wall shear rates (WSRs) range
from 260-500 s ' (diameters 4.3—8.2 mm), with slightly lower values in females,
while murine WSRs range from 350-3500 s (diameters 300-500 um), averaging
1850 s7* [43].

Coronary arteries, critical in myocardial infarction, are challenging to study in mice
due to imaging difficulties. However, the left anterior descending (LAD) artery
ligation is a commonly used ischemia-reperfusion model. Human coronary WSRs
range from 100-600 s! depending on health and vessel diameter (2.6—5.0 mm). In
mice, LAD flow rates of 0.5 mL/min in 230 pm vessels produce WSRs of 6700 s,

with similar values reported for smaller coronary arteries [43].

Human male average height [cm] : 170

Carotid Artery Diameter  Average WSR [1/s]:
6-8 [mm] 280-550

Mouse average length [cm] : 10

Carotid Artery Diameter Average WSR [1/s]:
0.3-0.5 [mm] 1,800-4,000

Figure 2.3: Species differences (human vs. mice): Mice arteries are about 15 times smaller
than human arteries, resulting in WSR values approximately 15 times higher in mice than in

humans [43].
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2.3 Hematology in cardiovascular implantation

Hematological parameters are fundamental tools in the field of hematology,
providing critical insights into the physiological and pathological status of the blood
and its components. These markers are increasingly recognized for their relevance in
cardiovascular diseases (CVDs) and the outcomes of stenting procedures. Key
parameters include red blood cell (RBC) count, mean corpuscular volume (MCV),
red cell distribution width (RDW), and white blood cell (WBC) count, among others.
RBC indices, such as MCV, RDW and hemoglobin concentration are essential for
diagnosing and classifying anemias, as they reflect the size, volume, and variability
of red blood cells. These indices have also been linked to adverse cardiovascular
outcomes. Similarly, WBC parameters are critical for evaluating immune function
and detecting inflammatory or infectious processes. Collectively, these
hematological markers serve as indispensable tools for diagnosing a wide range of
hematological and systemic disorders, guiding treatment decisions, and monitoring

disease progression or therapeutic responses.

Among these, RDW a measure of anisocytosis (variability in red blood cell size) is
traditionally used to monitor anemia but has gained attention for its association with
human pathology and cardiovascular diseases. Recent studies have demonstrated that
RDW is closely correlated with inflammation and cardiovascular risks, including in-
stent restenosis. Geng et al. (2019) found that elevated RDW-CV values are linked
to increased inflammation and a higher risk of restenosis following stent implantation

[26].

Inflammation is a critical factor in the development and progression of
atherosclerosis, contributing to every stage, from lesion initiation to plaque
progression and destabilization [44]. This has spurred research into various
inflammatory markers to better predict cardiovascular risk. Among these, WBC
count and its subtypes, such as neutrophils and lymphocytes, play a significant role
in reflecting systemic inflammation, a key driver of atherosclerosis and plaque
instability. The neutrophil-to-lymphocyte ratio (NLR), which combines two
independent markers of inflammation, is recognized as a simple yet effective

indicator of inflammatory activity [44]. Notably, lymphocytes are central to

12



modulating the inflammatory response, and lymphopenia has been associated with

progressive atherosclerosis in both clinical and experimental studies.

In summary, hematological parameters, particularly RBC, WBC count and MCV not
only provide diagnostic and prognostic insights into hematological disorders but also
offer valuable information about cardiovascular health and the risk of complications
following stent implantation. These parameters continue to be explored as accessible
and cost-effective tools for improving the diagnosis, monitoring, and management of

cardiovascular diseases.

2.4 Blood rheology
2.4.1 Blood viscosity

Blood viscosity is a critical hemodynamic parameter that plays a key role in
determining the flow dynamics of whole blood within blood vessels. Blood viscosity
is influenced by hematocrit, plasma viscosity and the ability of RBCs to deform and
disaggregate under certain hemodynamic conditions. Viscosity is the internal friction
arising from intermolecular forces within a flowing liquid. Blood has been
recognized as a non-Newtonian fluid, showing shear-thinning behavior and has
viscoelastic properties. Due to the shear-thinning behavior of whole blood, which is
influenced by the RBCs’ rheological properties, its viscosity varies according to the

hemodynamic conditions, namely the shear rates [45].

Blood viscosity fluctuates in response to pulse wave velocity during cardiac systole
and diastole. Viscosity increases when the shear rate is low, as a result of cardiac
diastole. Conversely, viscosity decreases when the shear rate is high [46]. The power
law model, Casson model and Carreau-Yasuda model (Figure 2.4) are commonly
used non-Newtonian models for modelling blood viscosity, which exhibits shear
thinning behavior [46]. A comprehensive review of blood viscosity models has been
provided by Beris et al 2021 in [47] including the Stephanou and Georgiou 2018
model [48].
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Figure 2.4: Viscosity and shear rate of blood using different models: Power law, Casson

model and rotating viscometer [49].

Blood viscosity varies significantly across species, including differences between
humans and mice [43]. However, at arterial shear rates, blood can be approximated
as a Newtonian fluid with a constant viscosity of 0.03 to 0.04 poise, which is similar

to murine blood viscosity under these conditions [50].

Whole blood viscosity is influenced by the number and volume of RBCs present in
the blood and is therefore linearly associated with hematocrit [44]. The effect of
hematocrit on blood viscosity is significantly greater at low shear rates, such as those
found in veins, compared to high shear rates, as seen in arteries [5S1]. At high shear
rates, an increase of one unit in hematocrit is estimated to raise blood viscosity by

4%, assuming no change in the rheological properties of red blood cells.
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2.4.2 RBC aggregation

Figure 2.5: Red blood cells, Rouleaux formation [52].

Red blood cells (RBCs) can aggregate into two- or three-dimensional structures in
aqueous solutions containing large plasma proteins (like fibrinogen) or polymers
(e.g., 70 kDa dextran). These structures form when fluid shear forces are low and
disperse when shear forces increase, making the process reversible. In two-
dimensional structures, cells align face-to-face, forming stacks known as rouleaux
(Figure 2.5). While these form between glass slides, larger 3D structures can develop
under different conditions. RBC aggregation occurs quickly, within seconds, and
may happen in areas with low shear in the body. This phenomenon, known since the
18th century, was detailed by Fahraeus, who linked it to blood stability and

erythrocyte sedimentation rate, a common inflammation marker [53].

RBC aggregation significantly influences blood flow, tissue perfusion, and vascular
resistance, with its effects depending on the vascular regions where aggregates form.
RBC aggregation typically occurs in low shear rate areas, such as veins or
bifurcations, leading to a marked increase in blood viscosity in these zones.
Conversely, high shear rate areas, such as arteries and arterioles, promote the
disaggregation of RBC aggregates. However, persistent aggregates have been
observed in large arteries, where they can alter flow dynamics. These aggregates
promote RBC axial migration, widening the cell-free layer. This process has three
key consequences: (i) reduced apparent blood viscosity and flow resistance, (ii)
decreased wall shear stress, which lowers endothelial nitric oxide (NO) production

and vasodilation, and (iii) enhanced plasma skimming at bifurcations, decreasing
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microcirculatory hematocrit and viscosity (Fahraeus and Fahracus—Lindqvist effects)

[54].
2.4.3 RBC deformability

RBCs have a unique biconcave disk shape and behave as elastic bodies; cells respond
to applied pressure, such as reduced diameter, by extensive changes in their shape

followed by a reversal when the deforming force is removed [55].

RBC deformability is influenced by several factors, including internal (cytosolic)
viscosity, primarily determined by mean cell hemoglobin (MCH) concentration,
membrane viscoelasticity, which depends on cytoskeleton proteins and lipid bilayer
properties, and the surface-area-to-volume ratio, also known as cell sphericity [51].
At low shear rates, rigid RBCs are less prone to aggregation compared to deformable
ones. Consequently, reduced RBC deformability at very low shear rates leads to a
decrease in blood viscosity. Conversely, at shear rates exceeding 1 s—1, reduced RBC
deformability results in an increase in blood viscosity [56]. Erythrocyte deformability
is a key hemorheological factor in maintaining adequate blood flow and tissue
perfusion. In pathological conditions, such as sickle cell disease, reduced erythrocyte
deformability leads to sequestration at capillary entrances, increasing resistance to

microvascular blood flow [55].

2.5 Cardiovascular diseases and cardiovascular implants

Cardiovascular diseases (CVDs) are the leading cause of death worldwide,
responsible for approximately 17.9 million deaths in 2019, which accounted for 32%
of all global fatalities based on WHO [57]. Coronary artery disease is a common
heart condition characterized by the formation of atherosclerotic plaque within the
blood vessels, which impairs blood flow and reduces oxygen delivery to the heart.
Early diagnosis and treatment are crucial to prevent the severe medical implications
associated with coronary artery disease. This activity outlines the evaluation,
diagnosis, and management of the condition, emphasizing the importance of the

healthcare team's role in assessing and treating patients [58].
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2.5.1 Treatment

Despite the significant advances that have been progressed in the diagnosis and
treatment of atherosclerosis and its pathological mechanism of action, many aspects
and subsequent complications remain unclear. The pathogenesis of atherosclerosis is
complex and multifactorial, involving interactions between the cellular structure of

the arterial intima, lipid metabolism and inflammatory processes.

Despite the introduction of stent technology over balloon angioplasty, restenosis
remains a significant limitation, with a prevalence of 20-30%. Since excessive
smooth muscle cell proliferation is the primary cause of restenosis, new technologies
were developed to target specific cellular mechanisms aimed at preventing
neointimal hyperplasia. Figure 2.6 illustrates the number of coronary stent
implantations per million people across various countries in 2016, highlighting
substantial regional differences. France, with 4,075 implantations per million, leads
in stent use, while Egypt has the lowest rate at 1,165 per million. This variation
underscores disparities in access to cardiovascular interventions and points to the
need for an improved understanding of both availability and usage factors in stent-
based treatments. Although early oral pharmacologic therapies showed promise in
animal models of in-stent restenosis, clinical trials in the early 1990s yielded largely
disappointing results. Clinical case success was achieved with the advent of localized
therapy, using stents as drug delivery platforms. This approach utilized polymers to
attach and control the release of drugs from the stent, allowing for sustained drug
delivery. A series of successful preclinical studies paved the way for stent-based local

drug delivery in humans [59].
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Figure 2.6: Coronary stent implantations per million people across countries in 2016. France
had the highest rate (4,075 per million) and Egypt had the lowest (1,165 per million). Data:
European Society of Cardiology (2023) [60].

2.5.2 Coronary stents

Coronary stents are expandable metallic tubular devices deployed within coronary
arteries that have become obstructed as a result of atherosclerotic disease. Stents are
very small metal tubes that are inserted via a balloon catheter into the narrowed
segment of the artery (Figure 2.7). Upon balloon inflation, the stent expands and is
embedded into the artery vessel wall, which effectively opens the previously
narrowed artery segment. The balloon is then deflated and removed along with the
catheter, and the stent remains in place, acting as a metal framework to maintain
arterial support [61]. This revascularization technique is known as percutaneous
coronary intervention (PCI), or coronary angioplasty with stent placement. The use
of coronary stents has mitigated the risks of coronary dissection and vascular recoil,
as the expandable metallic mesh of the stent provides structural support and prevents

adverse vascular remodelling.
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The development of coronary stents, first introduced in the 1980s, has significantly
advanced coronary revascularization by improving upon earlier balloon angioplasty
techniques. In the absence of stents, balloon angioplasty refers to a technique that
uses an inflated balloon catheter within coronary arteries to compress the
atherosclerotic plaque and restore blood flow. However, this procedure had several
limitations, such as arterial recoil, coronary dissection, thrombosis, and restenosis.
The introduction of coronary stents, with their expandable metallic mesh structure,
eliminated issues like vessel recoil and dissection, providing more durable vascular
support. Coronary stents have since evolved into several types, including bare metal
stents (BMS), drug-eluting stents (DES), bioresorbable scaffold systems (BRS), and
drug-eluting balloons (DEB) [62].

Guidewire  Stent with balloon ,Plaque in artery

Figure 2.7: Stenting procedure [59].

2.5.3 Bare metal stents

Bare metal stents (BMS) are widely used and typically made from stainless steel or
nitinol, a nickel-titanium alloy that self-expands when exposed to heat after
implantation. These small mesh tubes generally vary in length from 8 to 38 mm and
in diameter from 2.5 to 5.0 mm. Stents are categorized based on their configuration,
either slotted or coiled. In slotted stents, the struts are primarily aligned along the
longitudinal axis, providing rigidity in that direction. In contrast, coiled stents have
struts oriented predominantly perpendicular to the longitudinal axis, allowing for

greater flexibility [63]. A functional stent unit consists of struts connected to form

19



rings. When the balloon's radial force expands the rings, plastic deformation of the

struts occurs [64].

2.5.4 Drug eluting stents

Drug-eluting stents (DES) have been designed to reduce the risk of in-stent restenosis
and improve the long-term efficacy of PCI. DESs are composed of three key
components: a metallic stent platform, a drug, and a carrier vehicle. The metal, often
stainless steel or cobalt-chromium, provides long-term mechanical support to prevent
vascular recoil. The drugs used in DES inhibit smooth muscle cell proliferation and
intimal hyperplasia, reducing the risk of restenosis. Rapamycin-based drugs block
cell cycle progression by inhibiting the mTOR pathway, while taxanes interfere with
cell division by targeting microtubule function. A polymer coating is used to hold
and slowly release the drug over time, and it biodegrades into water and carbon

dioxide.

First-generation DESs typically used sirolimus or paclitaxel on stainless steel, while
second-generation DESs employ zotarolimus or everolimus on a cobalt-chromium or
platinum-chromium base. Specialized stents, such as bifurcation or covered stents,

are used for specific conditions like lesions at artery branches or vessel perforations.

Medication

Figure 2.8: A: The stent is mounted on a balloon catheter and guided to the narrowed,
diseased section of the coronary artery; B: The balloon is inflated, expanding the stent and
opening the constricted artery segment; C: After deflating the balloon and removing it, the
stent remains embedded in the artery wall. Drug-eluting stents release medication to lower

the risk of restenosis, or re-narrowing of the artery [61].
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2.5.5 Stent complications - failure

New-generation drug-eluting stents with thinner struts and more biocompatible
polymers have shown improved outcomes at 1 year. However, stent-related adverse
events still occur at a rate of 2-3% annually beyond the first year, persisting for up
to at least 5 years of follow-up, which is comparable to contemporary bare-metal
stents [65—67]. Additionally, long-term follow-up data have raised concerns about
the high failure rates of the latest stent technology iteration, bioresorbable scaffolds,

although these failures are attributed to various factors [46].

In-stent restenosis (ISR) remains a significant concern, as it is a prevalent but not
fully understood cause of stent failure in the drug-eluting stent era, with a wide range
of clinical presentations. Similarly, while a combination of patient, lesion, and
procedural factors is known to trigger stent thrombosis, its underlying biology
remains poorly understood. Importantly, coronary stenting is designed to
mechanically relieve artery blockages by restoring blood flow, but it does not address
the complex underlying atherosclerotic disease. This limitation has a significant
impact on stents, as ISR and stent thrombosis rates are considerably higher in patients
with complex lesions, including those associated with acute coronary syndromes,
bifurcations, chronic total occlusions, or longer lesions. The risk is also elevated in
individuals with conditions that accelerate atherosclerosis, such as diabetes or renal
failure. This indicates that the progression of atherosclerosis and its complications

may be a key factor in stent failure [66].
2.5.6 Stent failure - design

Regarding the influence of the stent design, it is already established that specific
characteristics, namely mesh design, strut density and strut thickness, etc. play a
significant role in the vascular response, restenosis, and other effects [68,69]. Studies
with animal models signified that these characteristics, affect the experimental

vascular injury and neointimal proliferation [70].

In alignment with clinical findings, computational fluid dynamics (CFD) studies
demonstrated that elevated stent strut density and increased strut thickness increase

local blood flow disturbances, thereby promoting thrombogenicity [71],[72]. In an
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ex vivo model, thick struts measuring 162 um resulted in a 1.5-fold increase in
thrombogenicity compared to thin struts of 81 pm [72]. In addition, a preclinical
study demonstrated that after three days of implantation in porcine coronary arteries,
thick-strut stents exhibited a 1.6-fold higher thrombus coverage compared to thin
struts [72]. Stent underexpansion and malapposition of stent struts have also been
linked to a high risk of in-stent restenosis (ISR) and stent thrombosis [73,74].
Moreover, research indicates an elevated ISR and target lesion revascularization risk
in cases where a stent gap exists, defined as incomplete coverage of a coronary lesion
between two stents [73,74], most predominant when treating bifurcation lesions

[29,75].

Although newer-generation bioresorbable stents (BRS) have reduced strut thickness
(<120 pum), the impact on scaffold thrombogenicity remains uncertain. A recent study
by Lu et al. (2018) investigated three types of DES and scaffolds, XIENCE (81 pum),
Absorb BVS (157 um), and ArterioSorb BRS (95 pm) in a 3-mm silicone coronary
model perfused with porcine blood. Immunofluorescence and OCT were used to
assess platelet adherence and thrombus formation, while CFD analyzed flow
patterns. Thin-strut BRS showed significantly lower thrombus formation compared
to thick-strut BVS (0.005 mm?*/mm vs. 0.046 mm?»mm; p < 0.0001) and similar
results to metallic DES. These findings suggest that thinner BRS struts reduce flow
disturbance and thrombogenicity, indicating potential advantages in subacute

thrombus reduction [76].
2.5.7 Stent failure - Type of stents

While the latest generation of drug-eluting stents (DES) has drastically reduced the
occurrence of early-stage ISR, through inhibition of cell proliferation, extended late-
phase in-stent restenosis has also been reported [26-28]. Incomplete or delayed stent
endothelialization, caused by drugs like sirolimus and paclitaxel, affects local flow
conditions and thereby the RBC profile and blood rheological properties [29,77]. A
recent study by Palmerini et. al [78], utilized also an in vitro stent perfusion system
to assess the thrombogenic properties of various bare metal stents (BMS) and drug-
eluting stents (DES). The results revealed that DES exhibited the lowest rates of

thrombus formation, significantly differing from the other stent types [78].
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Previously, Koppara et al. (2015) observed that the drug-eluting stent type (Xience
stents) demonstrated a significantly reduced adhesion of inflammatory cells to the

strut surface [79].

2.6 Clinical and in vitro studies

In vivo studies for stents, and how they affect hematological index are available in
the literature however, the correlation with the hemorheological factors presents a

gap with the topic still being unexplored.

Zhang et. al 2015 examined the platelet counts of patients six months after stent
implantation. It was observed that platelet counts significantly fell in more than 70%
of patients and only 23.1% of patients showed an increase compared to the period
before stent implantation. The changes in platelet counts were correlated with
different factors, namely positively correlated with white blood cells (WBCs) and
fibrinogen values and negatively correlated with the number of stents [80]. Qian et
al., 2018 examined 261 patients with coronary artery disease implanted with drug-
eluting stents and the result showed higher hematological parameters (WBCs, RDW,

etc.) and no differences in red blood cell count [81].

Red blood cell distribution (RDW) is a hematological parameter, which applies as
the measurement for anisocytosis diagnosis and is mainly used for anemia disease.
Recent studies, in the last decade, have related RDW with human pathology and
cardiovascular disease. Geng et. Al. examined the role of the hematological index of
red blood cell distribution (RDW-CV) and how it is correlated with in-stent
restenosis. The clinical study showed that RDW is closely correlated with restenosis

and the elevated RDW shows high inflammation [82].

Kassain et.al. studied patients with acute myocardial infarction and selected only the
extreme cases of patients with very long lesions (= 25 mm). Two different
overlapping stent cases were examined; the first case was only DES compared with
a combination of DES and bare metal stents. Overlapping stents are common,
especially the utilization of a combination of DES was preferred in clinical cases with

longer lesions. In addition, most patients with left anterior descending artery lesions
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were treated with the same combination. A small group of patients was treated with
the DES-BMS group, overlapping stents for the coverage of dissections. It was
concluded that overlapping with bare metal stents in the proximal part of a long DES
compared to the deployment of two or more overlapped DES is the most appropriate

and safe treatment in these clinical cases [83].

Erythrocyte aggregation is primarily thought to result from elevated levels of
adhesive plasma proteins, with fibrinogen playing a central role [84]. In line with
this, the aim of the following study by Szapary et al., 2009 was to understand the
alterations in hemorheological parameters and platelet aggregation after carotid
implantation. In this group, 18 patients with high-grade carotid stenosis who
underwent carotid stent implantation were examined. Haematocrit, plasma
fibrinogen, plasma, and whole blood viscosity were measured directly before and
after the surgical intervention, followed by the 1%, 2" 5% and 30th days’
measurements after it. It was observed that hemorheological variables decreased after
implantation [85]. Figure 2.9 depicts the outcomes of all the measurements of the
parameters and it can be observed that all of them fell instantly after the procedure
and raised by the fifth day of implantation in comparison with baseline. Stent
occlusion and restenosis can be caused by changing the rheological parameters and

platelet activation [86].
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Figure 2.9: Hematocrit, plasma fibrinogen, plasma and whole blood viscosity after

intervention (p< 0.05, p< 0.01, *p< 0.005, **p< 0.001, ***p< 0.0001) [85].
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Palmerini et al., 2020 investigated an in vitro system of stent perfusion and the
thrombogenicity of different DES and BMS. The experimental system was tested by
deploying different stents with dimensions of 3 mm x 18 mm and four parallel
silicone tubes with an internal diameter of 3 mm connected to a peristaltic pump.
Each circuit was closed using a silicone connector and the perfusion lasted 2 hrs. The
chosen flow rate was 10 mL/min, and a constant pressure was examined for 20 s.
Blood was selected from healthy volunteers and incubated with fibrinogen. I-

fibrinogen was used to determine the surface thrombus deposition [78].

Two sets of experiments occurred. In the first phase, the thrombogenicity of 4
currently available stents was compared. In the second phase, the thromboresistant
and the absorption of albumin were investigated. The findings showed that the lowest
rates of thrombus formation were observed in the case of DES and mentioned a

significant difference with the other types of stents.

Another experimental study by Benard, et.al. 2003 investigated an in vitro model of
intravascular prosthesis to study blood flow in a stented area. Specifically, the
experimental artery included a transparent rectangular channel, and five different
constant flow rates using a programmable pump (6.8, 10, 11.6, 12.3, 17.3 I/ml) were
tested. As fluid was used a 50.6% by volume water glycerine mixture solution with
a 6.9 cP viscosity and a density of 1.02 g/ cm? To summarize, the velocity field
measurements in complex geometrical patterns and limited areas were obtained using
the particle image velocimetry method (PIV). PIV was applied to measure the flow
between and over the stent. Consequently, the WSS was quantified by using the

aforementioned method. Several prosthesis designs were studied.

These specific geometries and areas are ideal for restenosis. The WSS was altered
due to the interaction between the stent wire and blood flow. It was concluded that
zones with EC proliferation are localized at the sites of low WSS, as strong shear
leads to cell migration. Furthermore, it was demonstrated that the highest values of
SS are localized close to the stent struts. As the endothelial proliferation was greatly
influenced by the SS, knowing that these alterations were caused due to SS after
stenting could be significant for the future improvement of the stent design, followed

by the reduction of the phenomenon of restenosis [87].
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Zhu et al., 2020 developed a new coated coronary stent decorated with
heparin/NONOate nanoparticles Figure 2.10. They studied the release behaviors of
heparin and nitric oxide (NO). Bioactive molecule NO affects the physiological
functions in the body, such as preventing thrombosis, smooth vascular muscle cell
proliferation, and promoting endothelial cell growth. The compatibility and
cytotoxicity of the stent were evaluated through different tests, whole blood and
adhesion tests, colorimetric assays (hemolysis assay test, MTT assay), and through
using an experimental in vivo rabbit model of atherosclerosis. Two groups of stents
were implanted in the rabbits, namely the bare SS stents and SS-PGMA-Hep/
NONOates stents. The stents were evaluated using SEM and vascular pathological
analysis. The results showed that the usage of the specific combination of coating has

a rapid anticoagulant effect and provides the regeneration of endothelial cells [88].
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Figure 2.10: Coronary stents decorated by Heparin/NONOate nanoparticles [88].
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Kapnisis et.al. investigated the changes in RBC properties due to the presence of
stents. Blood was collected from a healthy population into vacuum tubes containing

EDTA. After the collection, one portion of the blood donation from each participant
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was kept as the normally aggregating blood sample and another portion of the blood
donation was changed/ altered in order to produce non-aggregating blood samples.
Hemorheology tests were performed immediately after collection and treatment
within 4 hours. In the experiments were used self-expanding nitinol stents. RBC
aggregation, RBC deformability, viscosity, and RBC membrane integrity were
examined. The outcomes indicate that the presence of a stent in a vessel has an
influence on the hemorheological characteristics of blood. A remarkable observation
is that the reduction in RBC aggregation is apparent in the stented case, due to the

changes in the mechanical and biochemical membrane properties [68].

Toth C. et.al investigated the early postoperative complications of vascular graft
implantation using a canine model. It was used two groups, the control group, and
the grafted group. The tested group included a 3mm PTFE graft that was the
replacement of a 3.5 cm segment removed unilaterally from the femoral artery.
Controlled parameters, i.e. skin temperature of both hind limbs, and blood collection
for hematological, hemostaseological and hemorheological tests were examined at
five time points (1st-3rd-5th-7th and 14th postoperative days). The outcomes of this
study showed that significant change occurred in several hemostaseological and

hemorheological parameters due to the presence of graft [89].
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Part II: Research design and methodological approach

The work in this PhD program was designed in a structured approach, beginning with
in vivo experiments that incorporated lymphocyte isolation and atomic force
microscopy (AFM), followed by in vitro studies. This sequence was chosen to
capture both the complex physiological responses to stenting and the implantation
time-course on hematological and hemorheological parameters that could potentially
compromise the device’s functionality and longevity. The in vivo phase was designed
to evaluate real-time biological and systemic responses to stenting, including
inflammation, blood rheology, and vascular changes, which are difficult to fully
replicate in controlled laboratory conditions. By examining the physiological
reactions in a living system, the study aimed to provide crucial insights into how

stents interact with host tissues and blood over time.

Following the animal studies, the in vitro experiments were conducted to isolate and
analyze the mechanical and hemorheological changes induced by stents in a
controlled in vitro environment. This approach enabled the precise assessment of
stent-related alterations in blood flow, viscosity, RBC deformability, and
aggregation, eliminating systemic variables present in in vivo conditions. The
inclusion of a pressure drop measurement across the stented area provided further
insights into hemodynamic changes, a crucial factor for clinical evaluation and stent
optimization. By integrating both methodologies, the research bridged gaps between
theoretical models, computational simulations, and experimental validation, ensuring
a comprehensive understanding of stent-induced effects on blood and vascular

tissues.
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Chapter 3: In vivo and in vitro approaches

The in vivo experiments were designed to investigate the biological and physiological
impact of stent implantation in a dynamic and natural environment. Cardiovascular
stenting is widely used for treating coronary artery disease, yet information regarding
its influence on hematological and hemorheological profiles remains scarce. Most
previous studies rely on computational models, lacking experimental verification. To
address this limitation, custom-made self-expanding nitinol stents were implanted in
the common carotid artery of male CD1 mice to assess implantation time-course

effects on blood parameters, hematological and hemorheological.

The changes were likely linked to peri-implant inflammatory responses, highlighting
the importance of stent design characteristics such as mesh structure, strut density,
and thickness in vascular response and neointimal proliferation. The in vivo study
was essential for evaluating the systemic effects of stenting, capturing the
biomechanical and biochemical alterations that computational models alone cannot

fully explain.

Cellular biomechanics: AFM and Lymphocyte Analysis following the in vivo study,
lymphocyte isolation and AFM analysis were conducted to investigate the
inflammatory response to stenting and elevated metal particle contamination in peri-
implant tissue. Leukocyte biomechanics were examined to detect changes in cellular
properties such as stiffness, which serve as early biomarkers of peri-implant
inflammation. These properties are of high importance, as alterations in cell
mechanics are associated with various pathological conditions and foreign-body
reactions. Circulating lymphocytes were isolated and analyzed using AFM, a
powerful tool that provides high-resolution, real-time insights into dynamic cellular
processes. This phase of the study was crucial in bridging the gap between the
biological response and biomechanical analysis, offering a deeper understanding of

stent-induced inflammation at the cellular level.

With the systemic and cellular responses characterized, in vitro studies were
conducted to isolate specific mechanical effects of stents on blood properties in a
controlled setting. This study built upon and expanded previous knowledge by

thoroughly investigating stent-induced changes in hematological, hemodynamic and
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hemorheological parameters in an ex vivo environment. The evaluation covered
single and overlapping stent cases, reflecting common clinical practices, in both
straight and curved geometries to simulate different coronary artery morphologies
during the cardiac cycle. Two distinct biomechanical flow regimes were utilized to
account for a range of physiological and more intense flow conditions, providing a
comprehensive assessment of stent-induced effects. To conduct the in vitro
experiments, commercially available stents were deployed in clear perfluoroalkoxy
alkane (PFA) tubing, which was connected to a syringe pump and pressure sensors
to replicate physiological flow conditions. Blood samples from healthy donors were
analyzed to assess RBC integrity, deformability, aggregation tendencies, and whole-
blood viscosity under varying biomechanical flow conditions. The presence of the
stent significantly altered blood viscosity and aggregation, particularly in high-flow
cases, while the pressure drop across the stented region varied depending on stent
configuration and arterial geometry. An additional investigation in this study
involved the measurement of pressure drop across the stented area via an in-line
pressure sensing setup, an important yet complex parameter for clinical evaluation.
Understanding these hemodynamic alterations is crucial for improving stent design

and optimizing patient outcomes.

3.1 KEthical issues in animal study

The proposed study complied with National Legislation and EC Regulations
regarding relevant issues, which include, amongst others: State aid; Protection of the
environment; Equal opportunities for men and women; Protection of personal data;
Non-discrimination, and Information and disclosure. The BioLISYS animal facility
is a closed ecosystem with no harm to the environment and fully complies with local
legislation regarding the disposal of biological waste, and the use of controlled
substances. Therefore, the proposed study complied with the «Do No Significant
Harm» principle as per Article 17 of Regulation (EU) No 2020/852 on the
establishment of a framework to facilitate sustainable investment (EU Taxonomy
Regulation) and with the European acquis and the national environmental legislation

as it will not include any of the related activities.
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3.2 Animal study licenses

All animal-related research work adhered to the standard and extensively tested
procedures that were subjected to the inspection and approval of the Cyprus
Veterinary Services, Animal Health and Welfare Division. All animal experiments
were performed at the facilities of the BioLISY'S lab which is fully licensed as a small
animal housing facility for rodents (license no. CY.EXP.108). Approval for all
procedures involving animals was granted by the Cyprus Veterinary Services (project

license no. CY/EXP/PR. L7/2018).

3.3 Animals

All the procedures involving animals and their care was conducted in conformity
with national and European laws and policies (DIRECTIVE 2010/63/EU of the
European Parliament and the Council on the protection of animals used for scientific
purposes; European Commission Recommendation 2007/526/EC on guidelines for
the accommodation and care of animals used for experimental and other scientific
purposes; Cyprus Regulations of 2013 for the Welfare and Protection of Animals
used for scientific purposes). All animal procedures were designed in compliance
with the Prepare and Arrive guidelines and with full consideration of the 3Rs.
Replacement: Specific pathogen-free male CD1 mice, weighing 40+5g (1620
weeks old), specifically bred only for research purposes, were used for this study.
The use of animal models is required for model parameterization and cross-species
extrapolation that will allow for model validation with coherent clinical data.
Refinement: All experimental animals were specifically bred for research and
handled according to documented procedures. The animals were housed in a
controlled environment with a constant temperature (22+1°C), relative humidity
(60£10%), and a 12-hour light-dark cycle. Veterinary staff monitored their health
regularly and cage cleaning was performed daily to maintain health and safety
standards. The most refined anesthesia/analgesia protocols (both injectable and
inhalable) were used to minimize discomfort and pain during procedures. Reduction:
To reduce the use of animals to a minimum, experiments have been carefully planned

(considering the information that should and/or can be extracted by using fewer
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animals), and procedures were performed by well-trained personnel. Statistical
analysis was considered in designing the experiments to ensure that the number of

animals being used is not greater than those required.

3.4 Ethics permission and human participants involvement

Experiments with human participants are vital in the present study because they focus
and capture important parameters of the complex, interplay of human anatomy,
physiology, blood rheology and flow behavior that animal studies illustrate.
Differences in geometry, cell properties and blood composition mean that results
from animals often don’t scale directly to clinical decisions for people. The
variability due to sex in the rheological and other properties of blood flow through
stent are captured in the present work. While animal research remains invaluable for
invasive measurements and mechanistic insight, in vitro experimentation with human
samples provides a certain degree of validity and direct clinical relevance needed to

translate the results into better diagnosis, rehabilitation, and prospective outcomes.

The research protocol of this study was approved and granted permission by the
Cyprus National Bioethics Committee (ref: EEBK/E/2016/18). Blood samples (30
ml) were obtained from a healthy population (8 volunteers, equal number of male
and female; aged 20-50 years). All participants were appropriately informed and

signed an informed consent form prior to the donation.
3.4.1 Recruitment of participants

Participants were recruited by Cyprus University of Technology staff and students,
mainly for the following reasons: the large number of staff and students and the
reasonable variation in age range and gender. Potential participants were given an
information sheet, describing the aim of the study and other details of the
participation in the project. The time allowed for reading the given information sheet

24 hours, according to the approved protocol.

Evidence suggests that factors affecting blood viscosity in healthy humans remain
relatively unchanged within adulthood. It was expected to have approximately 10

participants in total in the study. This number has been shown to provide sufficiently
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meaningful, though exploratory, data. The sample size is consistent with the samples
used in previous research (e.g. Ostenberg et al 1997 [90] and Reihart et al 2016 [91]
had 8 participants) [92]. The selection criteria were: (a) no health problem (b) over
18 years of age (¢) no taking drugs.

Participants could withdraw from the study at any point, and this was clearly stated
in the Participant Information Sheet. For any complaints or issues arising from their
participation in the study the participants could communicate them to the Principal

Investigator, Dr. E. Kaliviotis (directions were provided in the Information Sheet).

Participants will be asked to give their written consent prior to testing. A copy of the
information sheet and consent form will be given to the participant. All records were
kept secured in a lockable cabinet and only the researchers had access to this
information. Samples were given codes for proceeding with tests and the analysis of

the results.
3.4.2 Blood collection from human volunteers

Each participant would have to donate 30ml of blood (after a 12 hour overnight fast).
Blood samples were collected into EDTA anticoagulant tubes. Blood samples were
collected in the Bioanalysis hematology laboratory of Dr. Shammas, at Spyrou
Kiprianou 23C, Limassol, or at the Biorheology laboratory in the premises of the
Cyprus University of Technology (Stoa Laniti, Archiepiskopou Kiprianou, Limassol)
by qualified researchers, including the author of this thesis. The Biorheology
laboratory complies with the regulations for Containment Level 2, according to the
Ministry of Labor (Tpufua EmBsopnong Epyaciog, K.IT.A. 144/2001). The overall
time for the completion of the above procedure, was between 30-45 minutes. Blood
samples were immediately tested after collection, or they were stored in a lockable

fridge at 4 degrees Celsius for up to 48 hours.
3.4.3 Testing of human blood samples

Testing of the samples took place within four hours of collection according to the
standards set by the International Committee for Standardisation in Haematology and
the International Society for Hemorheology and Microcirculation [93,94]. For

samples that may be stored at 4 degrees Celsius and needed to be tested, an
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appropriate time was allowed outside the fridge, before imposing the desired
temperature. Upon completion of testing the remaining blood samples were disposed
of according to the guidelines of the Human Tissue Authority code of Practice and

the European standards

34



Chapter 4: Research methods and techniques

In this Chapter, the main methodological tools utilized throughout the study will be
described. Details of the methodology related to the different research parts (in vivo
— in vitro approaches) will be additionally given in the related Parts III and IV of the
Thesis.

4.1 Hematology

Hematological measurements were performed using a Sysmex XT-20001 analyzer
(Sysmex, Landskrona, Sweden), within 4 hours after blood collection. The following
hematological indicators were determined in all blood samples: white blood cell
(WBC) and red blood cell (RBC) counts, hematocrit (HCT), mean corpuscular
volume (MCV), and red blood cell distribution width-coefficient of variation (RDW-
CV).

The Sysmex XT-2000i is a hematology analyzer that employs a combination of
impedance technology, hydrodynamic focusing, fluorescence flow cytometry, and

photometric analysis to perform comprehensive blood cell analysis [95].

Flow cytometers use lasers as excitation sources to generate both scattered and
fluorescent light signals, which are detected by photodiodes or photomultiplier tubes
(PMTs) [96]. These signals are converted into electronic signals, analyzed by a
computer, and stored in standardized data files. Each particle is assessed for light
scatter in two directions: Forward Scatter (FSC) indicates relative cell size, and Side
Scatter (SSC) provides information on internal complexity and granularity.

Fluorescence measurements further enhance cell characterization.

The optical system consists of excitation optics (lasers) and collection optics (PMTs
and photodiodes), which capture and direct signals via dichroic and bandpass filters
to detect specific fluorochromes. The forward scatter versus side scatter (FSC vs.
SSC) plot aids in the broad identification of cell populations in peripheral blood.
Cells with smaller size, such as lymphocytes, exhibit lower FSC, while larger
granulocytes display higher FSC. Similarly, cells with agranular cytoplasm (e.g.,

lymphocytes) have low SSC, whereas granulocytes (e.g., neutrophils, eosinophils,
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basophils) exhibit high SSC due to their granular nature. Monocytes have

intermediate FSC and SSC characteristics [96].

Figure 4.1: Flowcytometry using a semi-conductor laser [97].

The Sysmex XT-2000i utilizes the electric resistance detecting method, also known
as impedance technology, combined with hydrodynamic focusing to measure red
blood cells (RBC), platelets (PLT), mean platelet volume (MPV), mean red cell
volume (MCV), and hematocrit (HCT) [95]. Hydrodynamic focusing ensures that
cells pass through the center of the sensing aperture, improving measurement
accuracy to detect the changes in the electric current flowing through the aperture
[96,97]. MCV is obtained as an average of all RBC size measurements collected,
whereas HCT is determined as the sum of all RBC size measurements, expressed in
proportion to the total sample volume. Red cell indices such as mean cell hemoglobin
(MCH), and red cell distribution width (RDW) are calculated. RDW is reported as
both standard deviation from the mean red cell size (RDW-SD) and coefficient of
variation (RDW-CV). Flow cytometry is a technique that enables rapid, multi-
parametric analysis of individual cells in suspension. The Sysmex XT-2000i employs

a 633 nm semiconductor laser for flow cytometry analysis of WBCs. The system
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measures fluorescence and side scatter (SSC) to determine cellular properties. SSC
provides information on internal complexity, including size, shape, and granularity
of the nucleus and cytoplasmic granules [98]. Neutrophils (NEUT), lymphocytes
(LYMPH), monocytes (MONO), and eosinophils (EOS) are identified using a
combination of fluorescence and scatter measurements, while basophils (BASO) are

characterized separately based on cell size and SSC properties [95].
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Figure 4.2: The underlying working principle of a flow cytometer [99].

4.2 Hemorheology

Blood viscosity, RBC aggregation, and RBC deformability were estimated using
standard techniques at room temperature (25+£0.5 °C). Below the techniques are

described in detail.
4.2.1 Viscosity

Viscosity measurements were evaluated through the Brookfield DV2T instrument
(AMETEK GB LTD T/A Brookfield, Stadium Way Harlow, Essex) using a cone-
plate geometry [100]. Samples were applied to the viscometer plate using a
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micropipette (0.6 mL volume), and measurements were initiated approximately 30
seconds after sample loading. The viscosity was assessed by gradually decreasing the
shear rates from high values of approximately 10> s (to ensure RBC aggregate
dispersion) to lower shear rates around 10 s, with a 30-second measurement
duration at each shear rate. All blood measurements were performed using the same
predefined shear rates between 251.2 and 0.975 —1 (from higher to lower shear rates).
No pre-shearing was performed between shear rate points. The maximum shear stress
at the highest shear rate was approximately 2 Pa for 30 seconds, significantly lower
than the stress/duration threshold that could cause membrane damage and hemolysis

[101]. All experiments were carried out at room temperature (25 + 0.5°C).
4.2.2 RBC aggregation

Red blood cell (RBC) aggregation was evaluated using the Rheoscan A200
instrument (Rheomeditech, Seoul, Korea), a laser-photodiode-based system designed
for the quantitative assessment of RBC aggregation kinetics. The aggregation index
and amplitude (AI, AMP) was utilized as key parameters to quantify the RBC
aggregation, determined by analyzing the reduction in back-scattered light as RBCs
aggregate [102].

The RheoScan-A system comprises a disposable microchip featuring a disc-shaped
test chamber, a laser-photodiode detection system and a magnetic stirring
mechanism. The microchip, constructed from transparent plastic, is equipped with
sample inlet ports and air exit channels to facilitate proper filling (Figure 4.3 right).
The test chamber has a diameter of 4 mm and a height of 0.3 mm, requiring a minimal
sample volume of 8 uL. A laser beam and detector are positioned perpendicularly to

the chamber, ensuring precise optical measurement of aggregation dynamics.

An 8 pL volume of whole blood was injected into the chamber using a pipette through
an inlet. During the measurement, the aggregation kinetics were recorded, which
represent the time-dependent changes in the intensity of forward-scattered laser light
from the blood sample. Initially, the stirring bar rotated at high speed, dispersing all
RBC aggregates within the chamber, resulting in minimal forward-scattered light. At
t =0, the bar rotation was stopped, initiating spontaneous aggregation. This led to the

formation of larger and more numerous aggregates within the blood sample, causing
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an increase in forward-scattered light intensity. After 120 seconds, the intensity
reached its maximum value, indicating that most RBCs in the chamber had
aggregated. The aggregation parameters were subsequently extracted from the

aggregation kinetics curve using specialized computer software [103].

All measurements were performed at room temperature (25 + 0.5°C). The
aggregation index (AI) was defined as the ratio between the area under the light
intensity-time curve and the sum of the areas above and below the curve within the
first 10 seconds [102]. Another interesting parameter is the Amplitude (AMP), which

refers to the total change in reflected light intensity over the 120-second period.
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Figure 4.3: Schematic representation of diffuse light scattering used to assess red blood cell
(RBC) aggregation parameters, including the aggregation index (Al) and characteristic
aggregation time (T1/2). The experimental microchip utilized for RBC aggregation
measurements is shown, along with its schematic layout. The kinetics curve of RBC
spontaneous aggregation, obtained with the RheoScan AnD-300, illustrates key aggregation
parameters: Imax, the forward scattered light intensity at maximum RBC aggregation; Al,
the aggregation index, defined as the ratio of RBCs participating in aggregation during the

first 10 seconds of measurement relative to the total number of cells [103,104].
4.2.3 RBC deformability

The RheoScan-D300 (Rheomeditech, Seoul, Korea) is a microfluidic-based
ektacytometer that utilizes laser diffractometry in combination with microfluidic
rheometry to quantitatively assess red blood cell (RBC) deformability. The device

operates using a disposable microfluidic chip, through which a low RBC-to-medium
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volume is perfused under vacuum-driven shear stress. As RBCs traverse the
microchannel, they experience deformation into an ellipsoidal shape, proportional to

the applied shear force.

RBC deformability measurements were performed using the RheoScan-D300. The
instrument is based on a diffraction technique combined with microfluidic
rheometry, utilizing a disposable microfluidic chip. A minimal RBC-to-medium
volume is perfused through the microfluidic chip (Figure 4.4, right), at a varying
pressure (vacuum-driven shearing of a thin layer of RBC suspension), causing the
cells to deform in an ellipsoidal shape (Figure 4.4). The elongation index (EI) of the
cells is calculated and evaluated based on the obtained diffraction patterns over a

range of shear stresses [105].

A laser beam is directed through the sheared RBC suspension and the scattered light
produces a diffraction pattern that reflects the average morphology of a large
population of RBCs. The deformation of the RBCs is quantified by calculating the

elongation index (EI), which is derived from the diffraction pattern and examined
over a range of shear stresses. The EI is defined as: EI = % , where L and W are

the long and short axes of the elliptical diffraction pattern, respectively. The EI-Shear
Stress relationship provides critical insights into the mechanical properties of RBC
membranes and their ability to deform under physiological and pathological

conditions [105].
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Figure 4.4: Microfluidic chip (right) used for vacuum-driven shearing of a thin layer of RBC
suspension under varying pressures, inducing deformation of cells into an ellipsoidal shape

[105].

4.3 Hemodynamics
4.3.1 Pressure measurements — Basic theoretical considerations

For the simple flow in the rigid circular tube and accepting that blood behaving like
a Newtonian fluid due to high shear rates, the flow is assumed incompressible,
laminar leading to the Hagen—Poiseuille relation with a parabolic velocity profile.
The centerline speed is twice the mean velocity value, and the wall shear rate is the
derivative of velocity profile at the walls [106]. Wall shear stress (WSS) is then
estimated by multiplying the WSR by the blood viscosity (u) [107]. The pressure
gradient is directly proportional to the viscosity (¢) and flow rate (Q), and inversely
proportional to the 4™ power of the radius (r) of the tube:

_ 8uLQ
T oart

AP

Entrance-length development from a uniform inlet profile to fully developed

Poiseuille flow is governed by the Reynolds number (Re = pUD/p):
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The tube/stent configuration (i.e. the position of the stent in the tube) was designed

in order to avoid any entrance effects (details of the geometry are given in Part V).

In the present work the flow in the stented tube was imposed by abruptly applying
specific flow rates (please see Part IV for more details in methodology). Therefore,
the pressure in the tube is expected to develop with the developing velocity profile
in the tube, and therefore with the frictional forces at the walls of the tube. Figure 4.5
below shows a representative diagram of the pressure developing throughout the

duration of the imposed flow.
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Figure 4.5: Pressure against time for a Newtonian fluid case.

For the purposes of the present work however only the maximum pressure detected
(at the peak of the pressure curve) was considered for the analysis of the
hemodynamics. That is the pressure values recorded at the completion of each flow
cycle. Pressure drop values were averaged and the mean value out of 2 cycles was

used in the analysis of the results.

Energy losses due to the stent presence in the tube are expected, and they could be
captured by the pressure drop—flow rate relationship. Other losses are due to the
curvature of the tube configuration, which with the stent introduce additional viscous
losses and perhaps local secondary flows, and recirculation zones in the region of the
stent. The aforementioned losses, however, were not possible to be quantified
experimentally, as it required localized pressure sensing at the microscale level, that

was not feasible in the present study.
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Shear-thinning effects of blood in the pressure results are expected to be minimised,
as mentioned, due to the high shear rates generated in the tube by the relatively
elevated flow rates utilised. However, RBC migration could occur driving the
formation of a near-wall, RBC-depleted cell-free layer, and altering the local
hematocrit concentration in the tube. This may result in a Fahreeus effect (apparent
hematocrit falling as tube diameter decreases). Consequently, pressure—flow
relations may deviate from the linear Poiseuille law, depend on the local hematocrit,
and complex fluid dynamics near the stent region, which could not be captured in the

present study.
4.3.2 Fluidic system and set-up validation

The OB1 MK3+ (Elveflow, Paris, France) used in the study is a microfluidic flow
controller that enables independent pressure control for up to four channels, with a
range from -900 mbar to 8 bar. It supports a wide range of advanced microfluidic
applications and allows direct connection of pressure and flow sensors. Elveflow’s
microfluidic pressure sensor of the controller functions as a gauge sensor measuring
pressure relative to atmospheric pressure [108]. The MPS 3 microfluidic sensor was
selected for this study. Sensors were plugged inline into the fluidic setup and paired
with the pressure control system to monitor and collect the desired parameter data
(see Figure 4.6). The pressure sensor specifications are presented in Table 1 and an

Image of the sensor and controller is provided in Figure 4.5 and Figure 4.6.

Table 4.1: Pressure sensor specifications.

Microfluidic pressure sensor MPS 3

Sensor range 2 bar

Pressure range -15 to 30 psi

Maximum overpressure 60 psi

Pressure accuracy liquids Up to + 0.2% max range
Operating temperature - 40 °C to +85 °C
Repeatability & hysteresis %span +0.2

Specified temperature range 0 °C to +50 °C
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Figure 4.6: Microfluidic pressure sensor kot flow controller (Elveflow) [108].

An initial validation of the pressure system was performed using different fluids
including distilled water (DW), xanthan gum solution (XG), glycerin solutions (GL),
and finally a preliminary test with blood. All samples were tested at a range of flow
rates (20, 40, and 60 ml/min) in two conditions, a constricted (e.g. DWc) and non-
constricted (e.g. DWnc) tubing. For the constricted case a tube element of dimensions
inner diameter 0.83mm, outer diameter 1.2mm, length 6 mm was placed in the tube
at a length of 6mm to represent the stenting geometries. The maximum pressure was
measured for three repetitions of the imposed flow rates, and the mean value was

calculated.
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Figure 4.7: A diagrammatic representation of the system configuration with a microfluidic

pressure sensor (not drawn to scale).
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Figure 4.8 summarized the validation pressure results from the four different fluids
(distilled water, glycerin, xanthan gum and blood) in both conditions (constricted vs
non-constricted). Figure 4.8 illustrates that the linear relationship between pressure
and flow rate is retained for the Newtonian cases for the whole range. Importantly
for the non-Newtonian fluids (xanthan gum and blood) the linearity and slope of the
curves is similar to those of the Newtonian fluids for the range 40 to 60 ml/min. This

implies that the non-Newtonian effects are suppressed due to the high flow rate as
mentioned earlier.
The presence of constriction is seen to affect the pressure in all different fluid cases,

and the pressure drop of glycerin with high viscosity and blood have a tendency to

rise between constricted and non-constricted cases more than the other cases.
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Figure 4.8: Collective averaged pressure differences plotted against all flow conditions and

for the two flow configurations [109].
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Table 4.2: Mean pressure differences.

Mean pressure differences
Flowrate | DW GL4 GL12 XG Blood
Q20 52.3 42.8 38.1 704 -
Q30 - 33.4 - -
Q40 63.3 49.0 39.6 89.3 152.2
Q60 68.2 56.0 - 91.3 108.6

The data in the Table 4.2 show that introducing a constriction systematically elevates
the mean pressure for all fluids and flow rates, with the magnitude of this increase
depending on both viscosity and rheological behavior. Newtonian fluids (DW, GL4,
GL12) exhibit moderate pressure rises as flow rate increases, and the more viscous
glycerol solutions consistently reach higher mean pressure differences than distilled
water at the same flow conditions, in line with the Hagen—Poiseuille relation for

viscous flow in tubes.

Non-Newtonian samples display the strongest sensitivity to constriction: XG already
presents the highest mean pressure difference at Q20, while blood exhibits the largest
pressure increases at higher flow rates (Q40 and Q60), exceeding all other fluids in
the table. These results indicate that both increased flow rate and constricted
geometry amplify pressure demands, with non-Newtonian and higher-viscosity
fluids showing disproportionately large pressure elevations compared with

Newtonian, lower-viscosity solutions.

The validation studies have confirmed that the system can capture the expected
behavior of the pressure/flow rate relationship for conditions where the flow is

dominated by the Newtonian nature of the fluids.
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PART III: In-vivo approach

This part elaborates in the in vivo approach of the study. It includes two chapters:
Chapter 5 investigates the effects of stent implantation on hematological and
hemorheological parameters, while Chapter 6 examines the inflammatory response
due to stent implantation with a particular focus on lymphocyte stiffness. Within the
chapters additional and more detailed information regarding literature review and

methodology is provided.

Chapter 5S:  In vivo investigation on the effects of stent implantation on

hematological and hemorheological parameters
5.1 Introduction

This chapter of the PhD work investigates, in an in vivo approach, the effects of
stenting and the implantation time-course on hematological and hemorheological
parameters that could potentially compromise the device’s functionality and
longevity. In vivo studies for assessing the effect of stenting on hematological indices
are available in the literature (see for example studies [110] and [111]), however, the
correlation with the hemorheological factors is a relatively unexplored topic. The
most important hemorheological factors include red blood cell (RBC) aggregation
and deformability, as they influence the non-Newtonian nature of blood. The RBCs’
ability to deform and change their shape allows effective circulation and oxygen
delivery in the circulatory system; decreased deformability leads to a fall in tissue
oxygenation [112]. Moreover, RBC aggregation is directly correlated with
hemostasis and affects the leukocytes, platelets, and their interaction with
endothelium [113], [53]. Deformability and aggregation are often interdependent and
aggregation alterations are often associated with cell shape changes. Szapary et al.,
2009 investigated the changes in the hemorheological characteristics (red blood cell
aggregation) and platelet aggregation of patients with carotid stenosis following
endovascular treatment. The study showed that in the first days after the intervention,
a pathological change in hemorheological parameters (plasma viscosity, hematocrit,
and plasma fibrinogen concentration) is present, however, after a month the
parameters returned to normal levels [114].
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Regarding the influence of the stent design, it is already established that specific
characteristics, namely mesh design, strut density and strut thickness, etc. play a
significant role in the vascular response, restenosis, and other effects [100],[69].
Studies with animal models signified that these characteristics affect the

experimental vascular injury and neointimal proliferation [70].

Presently, most of the work on this issue is based on simplified theoretical models
and computational fluid dynamics analysis on local hemodynamics [115], lacking in
vitro and in vivo experimental verification with blood samples. Studies suggest that
red blood cells undergo mechanical and biochemical changes during blood passage
through medical devices [115-117]. It is of great importance, therefore, to evaluate
the effects of the stent presence on the hematological and hemorheological profile of
the host. This part of the study aimed to evaluate in an in vivo setting, the effects of
stenting and the implantation time-course on hematological and hemorheological
parameters that could potentially compromise the device’s functionality and

longevity.

5.2 Methodology
5.2.1 Stent design

Custom-made self-expanding nitinol stents (Admedes GmbH, Pforzheim, Germany),
0.7 x 3.3 mm in dimension, with a closed-cell design and a diamond-shaped pattern,
were used (please see the study by Kapnisis et al [68] for more details). Stent samples
were mechanically polished to remove the heat-affected zones from laser cutting
before undergoing further surface processing. Two groups, differing in material
surface condition and processing steps, were prepared: heat-treated (HT) and
electropolished (EP), with a resulting strut thickness in the range of 20-40 pum, as
shown in Figure 5.1.
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Figure 5.1 Representative SEM images of the stent device indicating: (A) The closed-cell

design with a diamond-shaped pattern (at x60 mag); Representative surface morphology of

(B) the HT and (C) the EP stent (both at x1200 mag).

5.2.2 Animals

Information regarding animal studies has been provided in Section 3. Animal
experiments were carried out with approval from the Cyprus Veterinary Services
(license CY/EXP/PR.L09/2019) and complied with relevant national and European
regulations on the care and use of animals for scientific purposes. The study used
pathogen-free male CD1 mice (1620 weeks old, 40 + 5 g) bred specifically for
research. The animals were housed under controlled conditions, including regulated

temperature (22 + 1°C), humidity (60 + 10%), and a 12-hour light/dark cycle.

5.2.2.1 Mouse stenting procedure

Operative procedures were performed following the experimental protocol first
reported by Simsekyilmaz et al. [118] and modified accordingly by Kapnisis et al.
[25] which describes a rapid and accessible procedure of stent implantation in mouse
carotid artery. Animals were pre-treated for 48 h with aspirin (75 mg in 250 mL
drinking water), which was discontinued 48 h postoperatively. General anesthesia
was induced by intraperitoneal injection of 100 mg/kg b.w. ketamine and 10 mg/kg
b.w. xylazine. A small median incision was performed at the ventral neck area and
the left common carotid artery was exposed. Following arteriotomy on the external
carotid artery, a polymeric guiding catheter containing the stent was introduced, and
after reaching the desired position in the common carotid artery, the tube was pulled
back over a guidewire to allow the shape-memory expansion of the stent. After stent

deployment, the wound was closed and the animals were allowed to recover. Two
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testing groups (HT and EP stented) and one control group (healthy, non-stented) were
prepared for subsequent evaluation, as per the experimental plan illustrated in Figure

5.2.

Created with BioRender.com Hematology

Viscosity

Deformability & Aggregation

Hematological

-- Mouse Stenting Procedure ------------------=-----oos —oooeoee Blood sampling --------

Hemorheological testing

Day 0 Day 35 & 70 2 hours

Figure 5.2: Schematic illustration of the experimental design. Overview of the stenting
surgical procedure at day 0, the whole blood sampling at day 35 and 70 (5- and 10-weeks
post-implantation respectively) and the hematological and hemorheological evaluation 2

hours after blood collection.

5.2.2.2 Blood sampling and preparation

Whole blood (0.5 - 1.0 ml per animal) was withdrawn from control (healthy, non-
stented; n=7) animals before implantation (t=0) and from stented animals at 5- and
10-weeks post-implantation (n=3 per time point). Blood collection was performed by
direct cardiac puncture under anesthesia, using citrate-dextrose solution (Sigma-
Aldrich, MI, USA) prefilled syringes at a ratio of citrate-to-blood of 1:9. Following
blood aspiration, the needle was removed to avoid cell shearing and the fluid was
gently introduced into a 1.5 ml Eppendorf tube, with the tip of the syringe in contact
with the tube wall to minimize drop splashing. The tube was inverted several times

by hand to ensure adequate blood mixing with the anticoagulant.
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5.2.3 Hematology

The hematological analysis conducted in this section utilized the same methodology
detailed in the previous chapter 4, section 4.1. All blood samples were analyzed
within 4 hours of collection using the Sysmex XT-2000i1 hematology analyzer
(Sysmex, Landskrona, Sweden. Parameters assessed included white blood cell
(WBC) and red blood cell (RBC) counts, hematocrit (HCT), mean corpuscular
volume (MCV), and red blood cell distribution width-coefficient of variation (RDW-
CV).

5.2.4 Hemorheology

The experimental methodologies applied in this section are identical to those
described in detail in the Section 4.2, specifically in the context of hemorheological
assessments. These include the evaluation of blood viscosity using the Brookfield
DV2T viscometer with cone-plate geometry under controlled shear rates, red blood
cell (RBC) aggregation analysis via the Rheoscan A200 system based on laser-
photodiode detection, and RBC deformability measurements using the microfluidic-
based RheoScan-D300 ektacytometer. All procedures were conducted at room
temperature (25 £+ 0.5°C), using consistent sample preparation protocols and

standardized measurement conditions as previously outlined.
5.2.5 Statistical analysis

The differences between the five groups of samples examined in the study were
compared with a one-way ANOVA test. All measurements were reported as mean=+

standard deviation (SD) and considered significant when p < 0.05.

5.3  Results
5.3.1 Hematological evaluation

Due to inconsistent changes among the two groups, differing in surface treatment

(HT vs. EP), all the results were analyzed collectively at each time point. However,
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to account for the potential influence of surface modification on hematological and
hemorheological parameters, a separate analysis was performed based on stent
surface treatment. These results are provided in detail in Appendix I: /n vivo- Results.
The overall effect of stenting on the various hematological indices is depicted in
Figure 5.3, along with the physiological range for each parameter, indicated with
gray-lined boxes. Variations in the hematological indices when blood is collected at
different sampling sites were previously reported [70], and data suggest that blood
cell counts and other indices are found significantly lower in heart blood compared
to eye and tail vein blood. Therefore, the tendency of some indices (RBC, WBC
counts, and HCT) to reside at the lower end of the physiological range could be
explained in this manner. Even though no statistically significant differences were
observed between the tested samples (p>0.05), in some cases notable trends were
apparent due to the stenting time course. Our data demonstrated an increase in RBC
counts and slightly elevated HCT at 10 weeks post-stent implantation, and increased
RDW-CV, contrary to a slight reduction in MCV. These findings could also account
for the higher RDW-CV, denoted at the same time point. In addition, WBC counts
were used for assessing the inflammatory status [ 119] of healthy (control) and stented
CD1 mice. The analysis revealed a rising trend over time, with HT-stented mice
denoting notably higher WBC counts than EP (data not shown), suggesting a

gradually increasing implant-included inflammatory response.
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Figure 5.3: Effect of time-course stenting on hematological parameters. Values are expressed

as the mean + SD and the physiological range is indicated with gray-lined boxes.
5.3.2 Hemorheological evaluation

5.3.2.1 Viscosity, RBC aggregation, RBC deformability

Stent-induced alterations in RBC aggregation and deformability are expressed by the
indices AMP and Elmax respectively and are presented in Figure 5.4. Although not
statistically significant, a marked decrease in the AMP index is observed at 10 weeks,
compared to the control and 5-week cases (jointly evaluating HT and EP stented
cases). RBCs showed a subtle increase, followed by an analogous decrease in
deformability over the 10-week implantation period, compared to the control case.
This fluctuating trend could be due to biological, but also mechanical factors such as

the shear stress and the period of exposure to stress, which play a role in the RBC
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membrane properties and deformability [120—122]. It is noteworthy that the
decreased RBC deformability noted at 10 weeks also corresponds well with the

distinct increase in RDW-CV shown in Figure 5.3.
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Figure 5.4: Stent-induced alterations in RBC aggregation and deformability.

The viscosity data in Figure 5.5 are presented as normalized (n*) with the high-shear

viscosity (1) values (n* = nl), for a shear rate range of 0.975 to 252.2 s-I.

Therefore, n* is effectively a non-dimensional index of the non-Newtonian nature of
the fluid. Figure 5.5 demonstrates the shear thinning and non-Newtonian nature of
blood, which is in general agreement with the literature [53]. When assessing the n*
differences between the control samples and the longest implantation case (Week
10), in view of the hematology data shown in Figure 5.3 and Figure 5.4, the following
observations can be made: the viscosity of blood is negatively affected by increased
hematocrit, and impaired RBC deformability, although RBC aggregation shows a
decrease at Week 10. It should be noted, however, that the RBC aggregation appears
generally very low in mice and other rodents, and this is the case in the present work
(very low AMP values for all samples). Nevertheless, the RDW-CV index
demonstrates an improvement at Week 5, suggesting enhanced blood fluidity (lower
viscosity) in contrast to the cases with elevated RDW-CV levels in Week 10, which
show slightly higher viscosity at the lower shear rates. The increased RDW-CV has
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also been linked [123] with increased interaction between blood cells and the

vascular wall.

When comparing the differences in n* between the control and the stented cases
collectively (at both weeks 5 and 10), notable differences appear below
approximately 7 s-1: the n* difference is increasing with the decreasing shear rate,
indicating an enhanced non-Newtonian behavior for blood for the stented cases. No
statistical significance is observed for the n* differences between control and stented
cases. Above approximately 30 s, n* is almost identical for all control and stented
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Figure 5.5: Normalised viscosity n* against shear rate. Control samples in comparison with

the stented cases at two different time points.

5.4 Analysis and discussion

The present part of the study showed that various hematological factors and
rheological properties of blood in mice may be associated with device implantation,
and in some cases, with the time course of stenting. To avoid any non-stent-related
effects associated with the implantation procedure, such as endothelial layer damage

caused during catheter guidance, it was decided to investigate for mid (5 weeks) to
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late stages (10 weeks) of stent-related hemorheological complications, thus allowing

adequate recovery time for operated animals.

Even though the cardiovascular stent is used for restoring blood flow, it locally acts
as a suppressive factor, inducing hypoxic conditions for the arterial layers around the
stent [ 124]. In the present results, the observed increasing trend in RBC count can be
explained by hypoxia, which leads to the rise of erythropoietin. Bone marrow
produces mature RBCs, which are stimulated by erythropoietin, leading to an
increase in hematocrit also [10]. Hypoxia condition can be also related to the
decreased elongation index in the 10-week stented case [125]. Also, the wound
healing after the stent implantation itself might influence blood cells. In particular,
stent placement induces vascular damage and disrupts local blood flow, resulting in
endothelial dysfunction. This dysfunction initiates the activation of inflammatory
cells, enhances thrombogenicity, and decreases the presence of B-lipoprotein, leading
to its accumulation within the neointima. The apoptosis of macrophages and smooth
muscle cells plays a role in the development of a necrotic core and calcification.
Furthermore, less mature endothelial cells with increased permeability promote the

migration of monocytes [126,127].

The mouse RBC has a half-life of 38 to 52 days, which is shorter than that in humans
and other veterinary species. Due to shorter RBC half-lives in mice, processes
affecting red cell mass and volume have more rapid effects in mice than in other
species [11]. A decreased RBC count after 5 weeks of implantation could occur due
to secondary conditions like immune-mediated hemolysis and inflammatory disease

[128].

Regarding the WBC presence (WBC count), shown in Figure 5.3 to lie outside the
physiological range for the control and 5-week cases, it is important to note that the
total number of white blood cells per unit volume is significantly lower in the heart
blood compared to eye and tail vein withdrawal [129]. In general, differences are
reported in all cell types and indices, including RBCs, platelets, and hematocrit,

which are found significantly higher in the tail compared to heart blood [129].

The increased number of WBCs in the implanted cases indicates that inflammation
is present. The WBCs participate in the inflammatory processes and are used as a
nonspecific marker of inflammation [130,131]. Moreover, oxidative stress is
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apparent in the stented group, which injures erythrocytes and reduces erythrocyte
survival, thereby leading to RDW elevation [132,133]. Moreover, WBCs are
important producers of inflammatory cytokines, and it has been thought that
increased cytokines may inhibit the maturation of erythrocytes in the bone marrow
and may cause increased RDW values in cardiovascular diseases [134,135].
Furthermore, the oxidative stress, inflammation, and activation of the neurohormonal
system may be the possible mechanism that disturbs the RBCs membrane leading to
increased RDW [136]. All of these causes may contribute to stent thrombosis and

restenosis [137,138].

The hemorheological results observed in Figure 5.4 are in general agreement with
the literature. The decreased deformability (Elnax), seen between the 5- and 10-week
cases, is followed by a decrease in the RBC aggregation. Reasons for the
disproportional effect of decreased RBC deformability on aggregation may include
RBC membrane/cytoskeleton dissociation, which has been suggested to affect the

correlation between the two RBC properties [136].

This slight decreasing trend of RBC deformability in the 10-week sample group can
be due to mechanical fatigue and biological factors. In terms of mechanical fatigue,
it 1s known that the shear stress and period of exposure to stress play a role in the
RBC membrane properties and deformability [129]. It has been shown for example,
that stresses of approximately 30 Pa can have a statistically significant effect on RBC
deformability for a period of exposure of approximately 30 seconds and that an
exposure of 4 seconds to approximately 64 Pa, can result in a significant change in
RBC membrane stiffness [139]. It is noteworthy that the decreased RBC
deformability corresponds well with the distinct increase in RDW-CV observed in
the case of 10 weeks samples Figure 5.3. Indeed, studies suggest that mechanical
stresses could influence the RDW more than the MCV of the RBCs; the study of
Cahalan et al. [140] showed that the recirculation of RBCs and the exposure to
mechanical forces can influence their membrane integrity and volume through a
dehydration mechanism. Altered RBC stiffness occurs in many numerous
pathologies [134], and in general, could lead to decreasing tissue perfusion and
oxygenation and thereby further contribute to the impaired pathophysiology [137].

Further, normal senescent RBCs which have stiffer membranes, show difficulty
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moving through the arterial passage and are eventually filtered out by macrophage
phagocytosis [141]. Similar negative effects in blood circulation are expected due to
the alterations in RBC aggregation. Baskurt 2008 has illustrated that vascular
resistance is affected (although non-monotonically) by the increase of RBC

aggregation and the decrease in RBC deformability [142].

Szapary et al. also observed elevated RBC aggregation in cases of human carotid
stenting after implantation, compared to the baseline cases [85]. In the
aforementioned study, RBC aggregation is influenced at the early stages after stent
implantation, however, in the present case, the aggregation index and decreases in
the 10th week. The degree of RBC aggregation is anticipated to be influenced by the
affected deformability of RBCs, as a decrease in RBC deformability can lead to a
decrease in RBC aggregation, as in the case of 10-week stenting [25,137].

The main determinants of blood viscosity are hematocrit, plasma viscosity, RBC
aggregation, and deformability [134,143]. The concentration of WBCs contributes to
a much lesser extent to the viscosity of blood. Ohta et al., 2005 observed that stent
placement induces changes in the dynamic viscosity of blood [144]. This finding is
in line with the results shown in Figure 5.5 where an increasing trend in n* is
observed below 7.875 s'. The outcomes in this study are generally consistent with
the existing hemorheology knowledge, indicating that a decrease in RBC
deformability (at 10 weeks), in conjunction with increasing RBC count and
hematocrit and increasing WBC count and RDW-CV, leads to an increase in the non-
Newtonian extent of blood viscosity [145]. However, RBC aggregation is observed
to decrease between weeks 5 and 10, which might be the result of decreased
deformability, although generally, all cases show very low aggregation tendencies
(AMP between 1 to 2x10-3 units). Blood viscosity alterations are also expected to
influence blood circulation; however, animal studies show different effects when
considering different organs. For example, blood flow in the brain spleen, and
intestine of the dog has been found to decrease when increasing blood viscosity,

whereas liver blood flow in the same animal was found to increase [146].

Another noteworthy observation in Figure 5.3 is the decreased MCV from Week 5 to
Week 10. One important implication of decreased MCV is the possibility of adverse
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effects in the stent area; Tscharre et al. showed that lower MCV in stented patients

increases the risk of restenosis [147].

The results of the present study provide useful information however caution is needed
when relating them to the human population. In terms of human circulatory
physiology, during the left ventricular systole, the contraction of myocardial fibers
creates a distinctive characteristic in the coronary blood flow, where the flow is also
impeded [148]. The coronary arteries are the first branches of the aorta, divided into
smaller arteries and arterioles, forming a comprehensive system that serves specific
functions [148]. In a human adult heart, the resting left coronary blood flow typically
ranges from approximately 0.5 to 1.0 mL/min/g. In contrast, the average blood flow
in the right ventricle is considerably lower, typically ranging from approximately 0.3
to 0.6 mL/min/g [149]. The healthy carotid artery in the human system has a diameter
range of 6 mm — 8 mm, compared to the mouse which spans from 0.3 to 0.5 mm [43].
The large and accessible carotid artery serves as a prominent vessel in mice, making
it an excellent model for investigating disturbed blood flow profiles and induced
arterial thrombosis in response to various stimuli in research studies. The average
flow rates in mouse carotid arteries typically range from 0.24 to 0.7 mL/min [150]
while in a human carotid artery, the blood flow is 7.2 mL/s [151] and the average
wall shear rate ranges between 280-500 s! [152]. Numerous studies have examined
the WSR value in the carotid arteries of mice resulting in a range between 1300 and
4000 s™!, indicating an inverse relationship between animal size and wall shear stress
on account of small vessel diameter [43,153]. As a general principle, mice exhibit a
size that is approximately 15 times smaller than that of humans, with their arterial

dimensions following a proportional reduction as well [43].

Based on the above, the RBC flow/stress exposure in the stented region is most
probably much higher in mice compared to humans. Therefore, impaired cell
deformability and the observed phenomena are intensified in the mouse model and
are less likely to affect the hemorheological profile in a human stented carotid artery.
That being said, the in vivo setting studied in the present study could resemble the
clinical conditions developed in the cortical branches of the anterior cerebral artery,
which have a sub-millimeter diameter, and thus further investigation is warranted on

this aspect.

59



Chapter 6: Inflammatory response due to stent implantation -

Lymphocyte stiffness
6.1 Introduction

In this part of the work, a multilevel approach was employed to investigate the
inflammatory response associated with implant-induced processes using a mouse
stent implantation model. The study focused on key biological parameters, including
leukocyte biomechanics, to gain insights into the progressive nature of inflammation
in peri-implant vascular tissue. Given that alterations in cell biophysical properties
such as morphology, nanostructure and stiffness are closely linked to pathological
conditions and foreign-body reactions, their assessment is crucial in understanding
the impact of stent implantation on vascular health. To achieve this, Atomic Force
Microscopy (AFM) was employed to characterize the mechanical properties of
lymphocytes. AFM, a powerful tool for real-time cellular analysis, lymphocyte
isolation and culture methods were optimized to ensure precise biomechanical

characterization.

6.2 AFM- General principles

AFM is a widely used scanning probe microscopy technique capable of obtaining
both topographical imaging at single or sub-nanometer resolution and various
mechanical properties such as elasticity and viscosity. The fundamental working
principle of AFM is based on the interaction between the AFM cantilever probe and
the sample surface, where the probe approaches, interacts, and retracts from the
sample to measure forces and generate high-resolution images. Despite the diversity
of AFM methods and configurations, the core components of most AFM systems
remain similar, comprising a cantilever with a sharp probe, an optical detection
system utilizing a laser and photodetector, piezoelectric actuators for precise
movement control, and a feedback control system to optimize tip-sample interactions

[154].
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The AFM cantilever plays a critical role in determining the imaging resolution and
mechanical measurements. Typically made from silicon nitride or silicon, cantilevers
come in various shapes, sizes, and stiffness levels, affecting their response to
different sample types. For biological specimens, softer cantilevers with spring
constants below 1 N/m are commonly used to minimize interaction forces and
prevent damage to delicate samples. The cantilever tip varies in geometry, with
pyramidal, conical and spherical shapes. While sharp pyramidal and conical tips
provide high-resolution imaging, spherical tips are often employed for mechanical
property measurements due to their well-defined contact area, which simplifies force

modeling using standard contact mechanics equations.

The interaction between the cantilever and sample surface results in deflections of
the cantilever, which are detected using an optical lever system. A laser beam is
reflected off the back of the cantilever onto a four-quadrant photodetector, enabling
precise measurement of the cantilever’s deflection. By calibrating the cantilever’s
spring constant, these deflection measurements can be converted into force values,
allowing for the extraction of mechanical properties such as Young’s modulus and

adhesion forces.

To achieve high-resolution imaging and force measurements, AFM systems employ
piezoelectric actuators that control the movement of the cantilever in the X, y and z
axes with nanometer precision. These piezoelectric elements utilize their intrinsic
material properties to enable highly accurate positional adjustments. Many AFM
systems incorporate a tube-shaped piezo scanner that simultaneously controls motion
in all three dimensions; however, to minimize cross-talk and artifacts, some systems
use independent piezo actuators for lateral and vertical movement. The x-y piezo
actuators raster scan the sample, with the fast scan direction following a triangular
motion while the slow scan direction incrementally shifts the probe. The z-axis piezo
actuator is responsible for maintaining a controlled approach and retraction of the
cantilever, ensuring accurate force measurements and minimizing tip-induced

damage.

A crucial aspect of AFM operation is the implementation of a feedback loop to
maintain stable imaging conditions and obtain reliable mechanical data. In contact

mode, the deflection of the cantilever is continuously monitored and compared to a
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predefined setpoint to regulate tip-sample interaction forces. In dynamic modes such
as tapping mode, the amplitude or phase of the oscillating cantilever is monitored,
and deviations from the setpoint are corrected through proportional and integral gain
controllers. Proper tuning of these feedback parameters is essential for achieving
clean, high-quality imaging and maintaining stable scanning performance,

particularly at high speeds.

AFM is widely used in biological research due to its ability to probe the mechanical
properties of living tissues in physiologically relevant conditions. Unlike traditional
imaging techniques such as SEM and transmission electron microscopy (TEM),
which require complex sample preparation, AFM can be performed in liquid
environments without damaging or altering the sample. This makes it particularly
valuable for studying soft biological materials such as cells, tissues, and biofilms

[155].

Two commonly employed AFM imaging modes are contact mode and tapping mode.
In contact mode, the probe maintains continuous contact with the sample surface,
recording deflections as it scans [156]. However, this mode exerts significant lateral
forces, which can damage soft biological samples. Tapping mode was developed to
mitigate this issue by oscillating the cantilever near its resonance frequency, allowing
the tip to intermittently contact the surface. This reduces lateral forces and minimizes
sample deformation while preserving high-resolution imaging capabilities.
Mechanical properties can be obtained by analyzing force-distance curves, which
describe the cantilever deflection as it indents and retracts from the sample. These
curves can be further processed to determine material stiffness, adhesion, and

viscoelastic properties.

Advanced AFM methods, such as multi-frequency tapping mode and quantitative
force-volume mapping, have been developed to improve the accuracy and speed of
mechanical characterization. Multi-frequency AFM leverages higher harmonic
oscillations of the cantilever to extract additional mechanical information beyond
basic phase imaging. By analyzing multiple oscillation frequencies, researchers can
differentiate between various mechanical properties such as adhesion, stiffness, and
viscosity. Force-volume mapping, on the other hand, automates force curve

acquisition across a defined grid, enabling spatially resolved mechanical property

62



mapping. To enhance resolution and acquisition speed, techniques such as Peak
Force Tapping (PFT) have been introduced, which regulate tip-sample interactions
through direct force control, allowing for rapid and high-resolution mechanical
mapping.

AFM-based mechanical measurements rely on contact mechanics models to interpret
force-distance data. The Hertz model is the most commonly used approach for
extracting elastic properties, assuming that the sample behaves as a homogeneous,
isotropic, and linearly elastic half-space. Although biological materials often deviate
from these assumptions, modified Hertzian models, such as those developed by
Sneddon for conical indenters, can provide reasonable approximations under specific
conditions. More advanced models, including the Derjaguin-Muller-Toporov (DMT)
and Johnson-Kendall-Roberts (JKR) theories, account for adhesive interactions,

making them more suitable for studying soft biological tissues.

While AFM-based elasticity measurements have provided valuable insights into
cellular mechanics, biological tissues exhibit complex viscoelastic behavior that
cannot be fully captured by traditional elastic models. Living tissues display time-
dependent mechanical responses due to their hierarchical structure and active
remodeling processes. AFM-based microrheology techniques have been developed
to assess viscoelastic properties by analyzing force relaxation and creep responses
over multiple timescales. Some studies have applied poroelasticity theory to describe
the fluid-driven force relaxation observed in cells, while others have suggested that
nonlinear viscoelastic models may be necessary to accurately capture the mechanical
behavior of biological tissues. However, implementing nonlinear viscoelastic models
remains challenging due to their analytical complexity and the limited capabilities of
commercial AFM systems. As a result, ongoing research aims to refine AFM-based
mechanical characterization methods by integrating more advanced theoretical

frameworks and improving data acquisition techniques.

In summary, AFM is a powerful tool for probing the mechanical properties of
biological materials with nanometer resolution. By leveraging precise force
measurements and advanced imaging techniques, AFM provides unique insights into
the mechanobiology of cells and tissues. Continued advancements in AFM

methodologies and theoretical models will further enhance their capability to study
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complex biological systems, ultimately contributing to a deeper understanding of

cellular mechanics and disease progression.

6.3 Methods
6.3.1 Lymphocyte isolation and culture

The lymphocyte isolation procedure followed in this study is a combination of the

RosetteSep™ protocol [157] and the SepMate™ method [158].

Blood samples were collected and processed using the RosetteSep™ protocol for cell
enrichment. To each milliliter of blood, 50 nuL of RosetteSep™ Cocktail was added,
followed by gentle mixing through pipetting. The sample was then incubated at room
temperature (RT) for 10 minutes. After incubation, the sample was diluted with an
equal volume of the recommended medium (e.g., 1 mL blood was diluted with 1 mL

of the medium), ensuring gentle mixing to maintain cell integrity.

A density gradient medium was added to a SepMate™ tube to a final volume of 4.5
mL of density gradient medium. The diluted sample was carefully layered onto the
tube containing the density gradient medium by pipetting along the tube wall while
maintaining the tube upright to prevent the mixing of the layers. The sample was
centrifuged at 1200 x g for 10 minutes with the brake on. Following centrifugation,

the enriched cells at the interface were carefully collected.

The supernatant was transferred to a new standard tube, and the enriched cells were
subjected to two wash steps. For the first wash, the cell suspension was topped up
with the recommended medium and centrifuged at 300 x g for 10 minutes with the
brake set to low (acceleration 5, brake 5). The supernatant was discarded and the
process was repeated for a second wash under the same conditions. If necessary,

additional wash steps were performed.

Mononuclear cells (MNCs) were isolated from whole blood using the SepMate
procedure, and highly purified CD4+ T lymphocyte subsets were enriched via the
RosetteSep protocol (Stemcell Technologies, Vancouver, BC, Canada), as shown in
(Figure 6.1). Isolated lymphocytes (see Figure 6.1, bottom right) were cultured in
300 uL of RPMI1640 medium supplemented with penicillin 100 IU/ml, streptomycin
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100 mg/mL, L-glutamine, and 10% newborn calf serum at 37 °C in a humidified
atmosphere of 5% CO2. The cells were cultured either on 35 Petri dishes or glass
coverslips, both coated for 5 min with poly-L-lysine hydrobromide (Sigma-Aldrich,
MI, USA).

Collect Add RosetteSep™ Dilute with Add density gradient Pipette diluted Centrifuge at Wash enriched Enriched
whole blood Antibody Cocktail recommended medium medium into sample down the 1200 xg lymphocytes cells are
(PBS +2% FBS) SepMate™ tube side of the tube for 10 min with PBS + 2% FBS. ready
Repeat wash.
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Figure 6.1: Schematic representation of lymphocyte isolation protocol using the

RosetteSep™ protocol and the SepMate™ method.
6.3.2 Atomic force microscopy (AFM)

Atomic force microscopy was performed to probe the mechanical properties of live
cells using a PicoPlus AFM system (Molecular Imaging-Agilent, USA) and V-
shaped soft silicon nitride probes (MLCT-Bio, probe C, Bruker, USA). Isolated
lymphocytes were incubated for 2 h (same day group) and 24 h (next day group) on
poly-L-lysine hydrobromide coated dishes, to allow the cells to sit and adhere on the
surface before AFM analysis (Figure 6.1). The reason for the two separate time points
was to account for any changes in cell morphology during incubation. Petri dishes
(35 mm) with the cultured cells were directly mounded on AFM sample plates. In an
area of 1 x 1 pum near the center of the cells, 8 x 8 points of force curves were
collected and analyzed by the freeware software AtomicJ (Jagiellonian University &
AGH University of Science and Technology, Krakow, Poland) to calculate the
sample’s Young’s modulus using the Hertz model (for cells a 0.5 Poisson ratio was
used). All mechanical property measurements were recorded with a set point of 1 nN
normal force. For the mechanical characterization, at least 30 live cells per condition

from 3 independent experiments were studied, while attention was paid to always
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performing the measurements in less than 40 min per experiment. Imaging fixed cells
(20 min with 4% PFA) was performed in tapping mode with silicon probes (ACT
probes, Applied Nanostructures, CA, USA). The AFM image processing was
performed by using the PicoView software (Agilent, USA) and the freeware scanning

probe microscopy software WSxM (Version 5.0 Develop 8, Madrid, Spain).

6.4 Results

AFM indentation was performed to probe the nanomechanical properties of
circulating lymphocytes isolated from control and stented Apoe and CD1 mice. AFM
measurements highlighted that lymphocytes from stented mice were stiffer as they
exhibit higher Young’s modulus values (Figure 6.2A). This statistically significant
pattern was notable in cells that were studied either 2 h (same day) or 24 h (next day)
after isolation, indicating a persistent effect regardless of any changes in cell
morphology during incubation. These differences were also apparent in lymphocytes
isolated from both mouse strains, with the atherosclerotic ApoE exhibiting Young’s
modulus values higher than those of the healthy CD1 mice. Most importantly, the
comparative analysis between control and 4-week (4w) and 8-week (8w) stented CD1
mice denoted that stent implantation time affect remarkably the resulting lymphocyte
stiffness (see Figure 6.2 B, C). The evaluation revealed a statistically significant
higher Young’s modulus value in 8w stented compared to control, which in both
cases (same day and next day) increased over the 8-week implantation period (see
Figure 6.2 B, C). Same-day measurements present, in general, higher Young’s
modulus values compared to the next-day indentations. Even so, the well-defined
decrease in cell elasticity along the test cases, demonstrated after the 24 h incubation
period, indicates an enduring effect. However, to account for the potential influence
of surface modification on lymphocyte stiffness, a separate analysis was performed
based on the stent surface treatment. The detailed results are provided in Appendix
II: In vivo: Lymphocytes - Results. All things considered, it was shown that cellular
remodelling and relevant alterations in cells’ morphology, observed in the previous

sections, significantly modify the cell’s mechanical properties.
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Figure 6.2: Lymphocyte elasticity expressed in Young’s modulus values (kPa). (A) Control
vs stented ApoE and CD1 mice (same day and 24 h after isolation). (B, C) Mid stage (4W)
vs late stage (8W) stented CD1 mice, same and next day measurements, respectively (*

indicates p < 0.05).

6.5 Discussion

AFM measurements revealed that lymphocytes from stented mice exhibit a higher
Young’s modulus value compared with control (sham-stented) cases. This
statistically significant trend was observed across two distinct mice strains, the
atherosclerotic ApoE—/— (for which changes due to lymphocyte activation are more
profound) and the multipurpose CD1 strain. Notably, these differences were detected
in lymphocytes analyzed both 2 hours (same day) and 24 hours (next day) after
isolation. The presence of these changes in both strains suggests that they result from

the implant induced effect rather than chronic inflammation associated with
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atherosclerosis. The analysis also revealed a significantly higher Young’s modulus
value in 8W compared to control group. These results highlight that indeed the
cellular remodelling that we observed through alterations in cells’ morphology was

accompanied by modifications in cellular nanomechanical properties.
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PART IV: In-vitro approach

Chapter 7: Experimental evaluation of stent configuration and tube
geometry on the hematological and hemorheological and

hemodynamic profile of blood
7.1 Introduction

The current part evaluated in an in-vitro setting the possible stent-induced changes
in hematological, hemorheological and hemodynamic parameters. The evaluation
covered single and overlapping stent cases, in both straight and curved tube
geometries, to reproduce various stented coronary artery morphologies during the
cardiac cycle. Two different biomechanical flow regimes were utilized to reflect a

range of physiological and more intense flow conditions.

7.2 Methodology
7.2.1 Blood sample preparation

The study protocol was approved and granted by the Cyprus National
Bioethics Committee (ref: EEBK/E/2016/18). Blood samples (30 ml) were obtained
from a healthy population (8 volunteers, equal number of male and female; aged 20—
50 years) using a 21G needle and collected into 9 ml vacuum tubes (BD) containing
1.8 mg/ml EDTA. All tubes were then placed in a blood mixer device for 2-3 minutes,
to ensure proper mixing with the anticoagulant. All blood samples were transferred
in a 50 ml syringe and oxygenated by rolling carefully for approximately 1/2 minute,
before extracting the air from the syringe. Testing was performed immediately after

blood withdrawal.
7.2.2 Stents design and tube stenting configuration

Commercially available stents were inserted in clear perfluoroalkoxy alkane (PFA)
tubing of internal diameter 2.5 mm in single and overlapping (~30%) configurations.

The single stented case included a Boston Scientific stent (PROMUS Element
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platinum-chromium (PtCr)) with dimensions 3 x 8 mm (nominal diameter x length)
and a strut thickness of 98 pm (including the 5 pm polymer coating). For the
overlapping case, two stents of similar geometry and dimensional characteristic cells
were used: a Boston Scientific PROMUS Element stent (3.5 x 32 mm - strut thickness
98 um) and an Abbott Xience PRIME cobalt-chromium (CoCr) stent (2.75 x 28 mm
- strut thickness of 97 pm, including the 5 pm polymer coating).

Figure 7.1: Stent images in curved geometry. (A) single stented case included a Boston
Scientific stent PROMUS Element platinum-chromium (PtCr). (B) Overlapping case using
two stents with similar geometry and cell dimensions: a Boston Scientific PROMUS Element

stent and an Abbott Xience PRIME cobalt—chromium (CoCr) stent.
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7.2.3 Experimental setup and procedure protocol

The experimental setup is shown in Figure 7.2 and Figure 7.3. As shown in the
figures the 50 ml syringe, containing the blood sample, was placed on a syringe pump
(KDS 200) and was linked to a pressure sensor through an empty 2.5 mm diameter
PFA tubing of 6.5 mm length to ensure fully developed flow at the sensor entrance.
The test tube containing the stent samples was linked to the other end of the pressure
sensor, and the perfused blood samples flowed and were collected within a 2 ml
Eppendorf tube (see Figure 7.2). The test tube had a length of 13.2 mm with the stent
placed in the middle. The end of the tubing was in contact with the Eppendorf tube
wall for smooth droplet sliding to avoid splashing.

Stents were inflated at a predetermined balloon pressure (10-12 atm as per the
manufacturer's guidelines) to achieve optimal expansion with a stent-to-tube-size
ratio of ~1.1. Stent apposition and stability were assessed under a stereomicroscope,
and confirmed, by subjecting the stented tube to a very high flow rate (50% higher
than the maximum flow rate applied during testing). Identical but empty tube setups
were employed as the control cases. All three configurations (control, single, and
overlapped stented) were tested in two geometries, straight and curved (radius of
curvature = 20 mm). These configurations were chosen to replicate coronary artery
morphologies observed in the cardiac circulatory system. The radius of curvature was
chosen based on the work of Wei et al [159], and Forouzandeh et al., [160] which
investigated different curvatures (radiuses of 64 mm, 40mm, and 16 mm) to represent
a range of physiologically relevant arterial geometries. These values were derived
from existing computational and experimental studies, ensuring that the modelled

geometries encompass a broad spectrum of realistic coronary artery curvatures.
7.2.4 Experimental procedure protocol

The experimental setup, illustrating the six different cases, is shown in Figure 1. The
50 ml syringe, containing the blood sample, was placed on a syringe pump (KDS
200) and was linked in-line to a pressure sensor through an empty 2.5 mm diameter
PFA tubing of 6.5 cm length. A second (test) tube, containing the stent samples, was
linked to the other end of the pressure sensor, and the perfused blood specimens were

collected within a 2 ml Eppendorf tube (see Figure 7.2). The end of the tubing was
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in contact with the Eppendorf tube wall for smooth sliding flow to avoid splashing.
The test tube had a length of 13.2 cm with the stent(s) placed in the middle. To ensure
a fully developed flow in the region of the pressure sensor and stent, the entrance
length (L) was calculated based on the relationship between the length-to-diameter

ratio L/d and the Reynolds number (Re): L/d= 0.06*Re.

Syringe pump
Q= 48.5 mlU/min

1o = 60 mlU/min
Qrign Eppendorf

tube

Figure 7.2: Schematic illustration of the experimental design. Experimental cases include
setups for: a) straight non-stented case, b) curved non-stented case, c) single stented straight
case, d) single stented curved case, e) overlapped stents in a straight tube, and f) overlapped

stents in a curved tube.

The Reynolds number was estimated using the high shear viscosity of blood at 5
mPas. The lengths of both the tubes used were several times larger than the entrance
lengths. The pressure monitoring setup consisted of an Elveflow OB1 MK3 pressure
controller (Elveflow, Paris, France) connected with the Elvesys inline microfluidic
pressure sensor (MPS3, -1 to +1 bar range, Elveflow, Paris, France). The pressure
sensor was calibrated before each test to ensure accurate pressure readings, and data

were continuously recorded with a 10 Hz acquisition rate for the duration of the flow.

Two different flow regimes were adopted to reflect a range of physiological flow
conditions (systolic/diastolic peak and mean flow values) of the left anterior
descending coronary artery [161]. The first was a baseline, low-exposure regime,

where blood samples were exposed to a single passage through the stented tube, with
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a flow rate of 48.5 ml/min. Figure 7.2 illustrates the experimental procedure for all
geometries and stent configurations. In the low-flow rate and single-pass mode, the
blood-air interface was at the exit of the tube (see Figure 7.2). The perfusion of the
fluid by the syringe was set to drive 2 ml of blood in the Eppendorf tubes for

collection. Representative pressure/time data can be seen in Figure Appendix III. 5.

In a second regime, higher stress and longer time exposure conditions were set,
utilizing a quadruplicate blood passage (back-and-forth flow through the stented
tube) with a flow rate of 60 ml/min. In this mode the starting position of the blood-
air interface was placed at the end of the PFA tubes, and the first action was the
infusion of blood until the pressure sensor exit. The total traveling distance in the
stented tube was 13.2 cm for each infusion (pull) and perfusion (push) modes. After
infusion, the first perfusion was followed, and another infusion-perfusion cycle was
performed. The final stage was the collection of approximately 2 ml amount of
sample in the Eppendorf tubes. The quadruple passage was then repeated.
Representative pressure/time data for the quadruple mode can be seen in Figure
Appendix III. 6. In both cases (single and quadruple), the sequence of blood flow
experiments adhered to the following order: 1) flow in the straight, non-stented tube
(control straight), 2) flow in the curved non-stented tube (control curved), 3) flow
within the single stented tube (straight and curved tube) and 4) flow within the
overlapped stents (straight and curved tube). After each test, the stented tube was
thoroughly cleaned by infusing/withdrawing distilled water multiple (x6) times,
followed by high-flow air infusion for 30 secs in order to fully dry the tube and stent.
Stents were inspected again visually for cleanness and integrity before undertaking
the next experiment. Additionally, during each setup change, the 50 ml syringe along
with the linked tubing was carefully removed and subjected to a rolling motion to

prevent red blood cell (RBC) sedimentation.
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Figure 7.3: Schematic diagram of the experimental protocol of the low exposure case.
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7.2.5 Hematology

Hematological testing was completed within a 3-hour timespan, in a qualified
Hematology Laboratory. The Sysmex XT-2000i analyzer (Sysmex, Landskrona,
Sweden) was utilized for hematological measurements which in all blood samples
included white blood cell (WBC) and red blood cell (RBC) counts, hematocrit
(HCT), mean corpuscular volume (MCV), and red blood cell distribution width-
coefficient of variation (RDW-CV). The analytical techniques and operational

principles of the Sysmex XT-2000 are comprehensively described in Section 4.1.
7.2.6 Hemodynamics

The pressure drop between the sensor and the open end of the test tubes (atmospheric
conditions) was continuously recorded with a 10Hz acquisition rate for the duration
of the flow. The pressure monitoring setup consisted of an Elveflow OB1 MK3
pressure controller (Elveflow, Paris, France) connected with the Elvesys inline
microfluidic pressure sensor (MPS3, -1 to +1 bar range, Elveflow, Paris, France).
The pressure drop results are expressed as the mean of the maximum pressure values

of the two repetitions (AP) in the perfusing mode (pushing part in the case of the

reciprocating flows) and for all volunteers (AP with n=7).
7.2.7 Hemorheology

Hemorheological evaluation commenced immediately after flow testing. The
hemorheological analyses included blood viscosity, red blood cell aggregation, and
deformability. All the hemorheological parameters were assessed using standard
equipment and methodologies at a controlled room temperature (25+0.5 °C). The
viscosity of each sample was measured using the cone-plate Brookfield DV2TLV
instrument (AMETEK GB LTD T/A Brookfield, Stadium Way Harlow, Essex). All
blood measurements were conducted at the same predetermined shear rates, ranging
from 251.2 to 0.98 s™! (from higher to lower shear rates to ensure initial dispersion
of aggregates). Viscosity data were included in the analysis for transducer torque

values greater than 5% of the total torque range. Normalized viscosity was calculated

as p* =i, where c represents the control configuration blood viscosity and
Nc
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[ represents the viscosity measured for the blood samples flowed in the different
stented tube configurations. Further, the viscosity data were normalized with their
high shear rate values (at 251.2 s!) for each case, in order to focus the analysis on
the non-Newtonian viscosity behavior, which is affected by both RBC aggregation

and deformability.

The Rheoscan A200 instrument (Rheomeditech, Seoul, Korea) was employed to
assess the red blood cell aggregation of the various samples. The aggregation index
(AI was utilized as a metric to evaluate the overall extent of RBC aggregation. Al is
defined as the ratio of the areas above and below a time-dependent curve (a laser
backscattering signal), produced by the application of a laser source on a microchip
containing the blood sample [162]. Another useful aggregation index used to verify
the resulting Al behavior is the aggregation half-time T1/; index, which indicates the
time to reach half of the aggregation potential. RBC deformability measurements
were determined using the Rheoscan D300 (Rheomeditech, Seoul, Korea). The
instrument employs a laser diffraction technique applied on a disposable microfluidic
chip [163]. In this setup, blood is perfused through the microfluidic chip at varying
pressures, inducing ellipsoidal deformation of the cells. The cells' elongation index
(EI) is defined from the major (A) and minor (B) lengths of the ellipsoidal axes of
the deformed RBC as (A-B)/(A+B). EI is then calculated across various shear
stresses (SS) ranging between 0 and 20 Pa. The maximum EI (Elmax) was selected as

the representative deformability parameter to facilitate comparison between samples.
7.2.8 Statistical analysis

A two-way ANOVA test was employed to compare the hematological and
hemorheological variations among the six groups of samples for each condition
(normal / higher exposure) and for each stent geometry/configuration investigated in
the study. In contrast, one-way ANOVA was used for pressure drop comparisons
with one independent variable. The Kolmogorov-Smirnov test was employed for the
normality check. All measurements were presented as mean + standard deviation
(SD), and the level of significance was initially considered at a=0.05. Moreover, the
level of significance was re-evaluated according to the particular characteristics of

the study, namely the relatively small sample power, to avoid missing meaningful
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relationships. According to recent work by Gomez-de-Mariscal [164], the p-value,
which is a size-dependent parameter, can be reset to cover issues arising when the n
value is small. For the present work with n=8, the tolerance for Type I errors was
increased to 10% following Bonferroni's post hoc test, and p<0.1 was utilized to

indicate potential statistically significant information.

7.3 Results
7.3.1 Hematological evaluation

Figure 7.4 presents the hematological indices for the blood samples tested in the
different stenting cases and different flow conditions. The results are presented as
mean values from all tests performed (n=8) with their standard deviations placed as
error bars. Along with the results, the physiological range for each parameter is
indicated with the red dashed lines. Although no statistically significant differences
were detected between the twelve tested conditions (p>0.1), some noticeable
tendencies are present, which could be attributed to tube stenting and the geometric
configurations used. These include the hematological changes between the baseline
(low-exposure regime) and the high-exposure conditions. More specifically, an
increase in RBC count and hematocrit (HCT) levels is observed (Figure 7.4a and
Figure 7.4b), accompanied by a concurrent decrease in the mean corpuscular volume
(MCV, in panel 2d) at high-exposure conditions compared to the baseline). These
findings could also account for the higher RDW-CV (Figure 7.4¢) in each case, which

is found elevated in the high-exposure regime.

In general, the differences between the two exposure regimes seem to be systematic
for all utilized setups, except for the control-curved configuration. Another
observation made from Figure 7.4, is that the SD in RDW-CV reaches the
physiological range, while those of the MCV extend below the physiological range.
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Figure 7.4: Effect of stenting on various hematological parameters for the different
experimental setups and the different exposure regimes. a) RBC count, b) Hematocrit, d)
RBC width distribution, and d) Mean corpuscular volume. Values are expressed as the mean

+ SD. The physiological range for each parameter is indicated by the red dashed lines.

Considering the high-exposure data, it appears that there is an increasing tendency
(although not significant) in the RBC count, between the control (curved) and the
stented cases. In the absence of physiology factors, this increase in the RBC count
could only be attributed to known flow parameters, such as alteration of the
hematocrit profile in the tube, resulting in a higher concentration of cells in the bulk
[165]. A supplementary gender-specific analysis was conducted and the results are

presented in Appendix III.
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7.3.2 Hemorheological evaluation

The hemorheological parameters RBC deformability and aggregation are expressed
by the indices Elmax and Al respectively and are presented in Figure 7.5. The figure
compares the results from the low-exposure tests (baseline tests at the lower flow
rate, and lower time exposure) with those from the higher flow and time exposure in
the reciprocating mode. Figure 7.5 shows a slightly higher-than-normal
deformability for all samples and test modes, as normal values of Elmax are found in
the vicinity of 0.5. This increase can be attributed to factors such as tourniquet
application [166] for blood collection, as it has been found that this approach can
result in approximately 8% higher than the control values measured in samples

obtained without a tourniquet use [166].

Furthermore, Figure 7.5 illustrates that Elmax is increased in the high-exposure cases
compared to the low-exposure baseline regime, for all experimental configurations.
The same increasing tendency was observed in the Al This could be explained by
the elevated flow and stress conditions and time exposure that cells experience in the
particular flow mode. More specifically, the increased flow rate utilized in the high-
exposure regime seems to result in increased deformability and aggregation.
Regarding the latter observation, it is known from the literature that the time duration
the RBCs are exposed to stresses has a non-monotonic effect on the elastic properties
of the cells [139]. Thus, according to shear stress and time exposure, the
deformability of the RBCs can be affected positively or negatively, and the effect can
be either permanent or temporary. Another study has shown that the kinetics of RBC
aggregation are increased for cells with increased deformability [167], suggesting a

similar effect in the present study.
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Figure 7.5: Effect of different exposure conditions (baseline vs high- exposure) in RBC

deformability and aggregation.

The small alteration in RBC deformability and aggregation between the test
configurations of the high-exposure condition are illustrated more clearly in Figure
7.6. A slight decrease in the deformability index is observed in Figure 7.6a between
the cases of single stent from straight to curved geometries. Similarly for the cases
of overlapped stents, from straight to curved geometries Figure 7.6a These small

differences, however, do not show any statistical significance.

Images of the deformed pattern of RBCs, as extracted from the Rheoscan-D300
instrument, for two comparable shear stresses (2.89 and 3.11 Pa) and two
configurations (control straight and overlapped curved) are shown in Figure 7.6b. In
green colour are the expected physiological elliptical patterns for the specific
stresses. The percent difference from the physiological pattern is also given as the

difference in the ellipse area for each case.
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Figure 7.6: Effect of stent and geometry for the high-exposure conditions in RBC
deformability (panel a) and aggregation (panel c¢). The physiological values for each
parameter are indicated by the red dashed lines. Panel b: Images of the diffraction pattern
resulted from the deformed RBCs at comparable shear stresses (2.89 and 3.11 Pa) for the
Control Straight (top image) and the Overlapped Curved (bottom image). In green colour the
expected physiological elliptical pattern for the specific stresses. The percent differences
from the physiological pattern are given as the difference in the ellipse area for each case.

Panel d): Al index for the female population of the study (* for p<0.05; two-way ANOVA).

The aggregation index shown in Figure 7.6c seems unchanged for the
abovementioned cases (stented and overlapping), however, Al is found to be
increased in all the stented samples compared to the control cases, and also when
comparing the control-straight configuration, to the control-curved case. These
findings imply that the stent presence within a vessel may have a small, albeit

noticeable, effect on the aforementioned hemorheological properties of blood. This
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tendency of RBC aggregation to be increased in the stented cases was found to be
mainly due to the female participants of the study (n=4). Figure 7.6d shows that
statistically significant differences are found between the Control Straight and the
straight Stented and Overlapping cases (p<0.05). A comprehensive hemorheological
gender analysis is presented in Appendix III. Furthermore, when adopting the more
inclusive level of significance at 10%, another distinct difference (p=0.1) appears for
the kinetics of the RBC aggregation (T12 index) between the Control Straight and the
Stented Straight of the overall population data (data not shown here).

The normalized (n*) viscosity data, grouped for the single-stented and overlapping
stent setups, are shown in Figure 7.7, for a shear rate range of 15.82 to 252.2 s\, The
general observation from Figure 5 is that, in most cases, the non-Newtonian part for
all configurations, and in both exposure, regimes is suppressed compared to the
control cases. This decrease in viscosity could be attributed to geometry and
configuration effects on the hemorheological parameters discussed earlier. The slight
increase in deformability, seen in Figure 7.5 for the stented cases collectively, may
have positively affected the viscosity of the samples. However, the increase in HCT
and RBC aggregation (see Figure 7.4 and Figure 7.6), although very small, is
expected to counterbalance the influence of deformability and negatively affect the

viscosity of the samples.

As regards the viscosity differences between the various configurations, it can be
observed from the overlapped-stent cases in Figure 7.7, that the viscosity is more
profoundly closer to the control cases for the curved geometry samples, which could
be linked to the increased RBC aggregation seen in those cases (see Figure 7.4).
Nevertheless, no statistical significance is observed for the n* differences between

the samples.
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Figure 7.7: Viscosity alterations n* in single stented and overlapped cases.

7.3.3 Hemodynamics

Results for the pressure drop across the stented area are shown in Figure 7.8. AP is
expressed as a mean value for the two perfusion parts in the reciprocating mode,
averaged for all volunteers (n=7) in the high-exposure tests. Figure 6 designates the
existing trends between the control cases and the different stenting configurations. A
statistically significant difference in AP was observed between the control cases

(grouped together) and the overlapped stenting configurations. That is the

overlapping stent setups resulted in a greater AP value compared to the control
groups, suggesting that stent overlapping and tube curvature have a measurable effect
on the local pressure developed inside the tube. When comparing the curved
configurations between them, an additional statistically significant difference is
observed between the control and the overlapped configurations. This suggests that
the curved geometry, along with further flow obstacles (overlapped stent), affects the

pressure drop differently than the single stent configuration.
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No statistically significant difference in AP was found between the control cases and
the single stent configurations when grouped together, suggesting a small effect of

the latter on the hemodynamics of the flow.
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Figure 7.8: Mean Pressure AP from all volunteers for every stent configuration. (*** for

p<0.001; **** for p<0.0001; one-way ANOVA).

7.4 Analysis and discussion

The results of the present study showed an observable increasing tendency between
baseline and high-exposure conditions, mainly on RBC and HCT. Simultaneously,
MCYV seems reduced after exposure to high compared to baseline conditions. This
pattern agrees with previous studies, indicating that mechanical stresses and altered
flow dynamics, may impact RBC morphology and volume [168]. In human biology,
rising RBC count and HCT indicate a physiological response to the altered
hemodynamic environment, potentially functioning as an adaptive mechanism to
maintain adequate oxygen delivery under varying shear stress conditions [169]. HCT
is directly linked to the RBC mechanism of erythropoietin, which stimulates the bone
marrow to produce mature RBCs, leading to an increase in hematocrit levels [170].

In the in vitro model of the present study, however, the increase in RBC count and

84



HCT could only be attributed to fluid mechanics and experimental factors. Factors
such as the shear stress generated by fluid flow, the geometry of the experimental
setup, and the blood handling procedures, can impact the results [171]. The MCV
reduction seen in Figure 7.4 could be explained by the increased flow rate and
repeated passage in the high-exposure case, resulting in RBC cells becoming more
compact and deformable. Wiegmann et al., [171], observed that MCV decreases after
exposure to high pressures. The combination of increased RBC and decreased MCV

may have led to the observed increase in RDW-CV.
7.4.1 Hemorheological parameters

Experimental evidence has established the concept of active regulation of RBC
deformability, which is primarily associated with altered interactions between
membrane skeletal proteins and the integral proteins of the lipid bilayer.
Consequently, it has been hypothesized that shear stress induces changes in RBC
deformability; Meram et al., [172], investigated the transient improvement in RBC
deformability using a Couette-type shearing system and showed that increased levels
of shear stress (within 5-20 Pa) improved tissue perfusion by enhancing nitric oxide
(NO) production by endothelial cells. Simmonds et al., [173], demonstrated that by
applying consistent mechanical stress within the physiological range of 5-20 Pa,
RBC deformability can be improved. However, it should be noted that shear stress
can also impact circulating platelets, causing their activation and aggregation and
thereby increasing the risk of thrombosis [172]. In the present study, the maximum
shear stress is expected to appear in the region of the stent, where the flow dimensions
decrease further, and the geometry becomes complex. For a steady and fully
developed flow of a non-Newtonian (Power-Law) fluid in a uniform geometry, the
maximum shear stress at the walls is estimated to reach approximately 4 Pa.
Therefore, moderate stress levels are expected to affect the deformability of RBCs

accordingly.

Blood oxygenation may be another parameter affecting the deformability of RBCs.
The effects of oxygenation on erythrocyte flow velocity and shear-induced
deformability were assessed through microfluidic flows, with different channel

dimensions (5 pum, 20 um) [169]. Enhanced RBC deformability was associated with
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enhanced erythrocyte velocity in a microchannel flow, resulting however, in a
reduced oxygen supply. In the present work, the fluid-air interface at the open front
of the flow could introduce blood re-oxygenation, however, this is expected to have
a small and systematic effect on all samples and cases tested. Since the deformability
seems altered in the higher, compared to the low-exposure mode, it could be argued
that oxygen supply could be inhibited in an in-vivo situation due to the velocity in

the arterioles and capillaries being increased.

RBC membrane properties, such as cytoskeleton elasticity, and the viscosity of the
cytoplasm contribute to the speed and degree of membrane relaxation, which denotes
the return to the normal cell shape after deformation. It has been shown that the
phosphorylation of beta spectrin by Casein kinase II, and protein kinase C-catalysed
phosphorylation of protein 4.1, are correlated with elevated RBC deformability
through specific receptors. The mechanical properties of blood are also affected by
the fluctuations of serine phosphorylation of spectrin [174]. In the present work, any
effects of stress exposure on the biochemistry of the RBC membrane could not be

accounted for and perhaps will be the subject of another study.

RBC aggregation is another parameter affecting blood rheology and hemodynamics
of the tube flow. In the in vitro setup, increased RBC aggregation has been associated
with decreased flow resistance in vertical capillaries, while increased flow resistance
is observed in horizontal capillaries [175]. Another similar study, on experiments
conducted in vertical and horizontal glass tubes, revealed that in horizontal tubes,
cell sedimentation on the lower wall increases hydrodynamic resistance, forming a
nearly stagnant cell mass [176]. Plasma flows over this mass, entraining corpuscles
from the upper layers. Knisely et al., [177], termed this phenomenon "sludging" and
attributed it solely to pathological conditions, noting its absence in healthy
individuals and animals [176]. Nader et al., [51], showed that RBC aggregates can
persist in large arteries and affect flow dynamics [51]. Further, increased RBC
aggregation promotes RBC axial migration, increasing the cell-free layer width,
which in turn decreases the wall shear stresses, NO production, vasodilation, and
blood viscosity [51,178]. The aforementioned RBC aggregation related phenomena
are intense mostly in low flow rates, and therefore low shear rates. In the present

study, blood was subjected to moderate to higher shear rates, and such effects are
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expected not to influence the flow significantly. This is also apparent in Figure 4,
showing normal aggregation levels. The statistically significant differences in the
RBC aggregation observed in the present study for both levels of significance (0.05
and 0.1) in the female and the overall population, may indicate a potential influence
of the stent in the phenomenon, however, all values remain in the physiological

levels.

RBCs are the main determinant of blood viscosity and therefore affect the frictional
forces exerted by the circulating blood on the arterial wall [179]. The results in the
present study indicate that stenting may have a tracible positive influence on the
viscosity of the fluids and that this may be the result of changes in the RBC
properties. More specifically, the non-Newtonian behavior of blood viscosity
measured for the samples of the stented configurations collectively seems to be
reduced at low shear rates, when compared to the control cases (in both baseline and
high-exposure cases in Figure 5). This could be attributed to the improved
deformability of the RBCs, observed between the control and the stented cases (see
Figures 3a and 4a). On the other hand, RBC aggregation seems to be slightly
increased in the high-exposure stented cases, compared to their control samples
(Figure 3b and 4b). As mentioned earlier this increase in RBC aggregation might be
the result of altered deformability. As related studies have indicated, the elongation
index Elmax and RBC shape recovery time are positively correlated with the

aggregation index Al [167].

The hematocrit of the samples in the baseline and high-exposure cases, seem largely
unaltered (Figure 2). In the high-exposure cases, a slight increase could be detected
for the stented configurations when compared collectively to the control cases (38.90
and 38.15 respectively), however, this difference is considered to be insignificant and

therefore has a negligible effect on the viscosity of the samples.
7.4.2 Local hemodynamics

Local geometrical characteristics of the stented area are expected to influence the
local flow in a complex manner [68]. For instance, secondary frictional losses due to
diameter reduction in the stent area and curvature of the tube are expected to

influence the total pressure drop in the tube. The results of the present study illustrate
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the impact of stenting, particularly of the overlapping case, and tube curvature on
pressure drop inside the tube. Stenoses typically occur in curved arterial segments
and bifurcations due to the strong relationship between the vascular atherogenesis

process and recirculating zones induced by geometric conditions [180]. The

statistically significant difference in AP between the control and overlapping stent
groups suggests that both the presence of vessel curvature and the use of overlapping
stents contribute to altering the hemodynamic behavior within the tube. This finding
is consistent with previous studies indicating that stent overlap can create additional
resistance or flow disturbances and as a result, blood flow and pressure profiles are
affected [181]. Furthermore, the curvature of the vessel likely worsens these effects,
as it may amplify the mechanical stress on the stent and the surrounding vessel walls,
leading to higher pressure changes. In contrast, the absence of significant differences
in pressure drop between the control and single stent groups suggests that single stent
applications, regardless of whether the vessel is curved, do not influence the flow

significantly.
7.4.3 Relationships and gender differences

Of particular importance are also the relationships between the resulting
hemodynamic and hemorheological factors derived in the study, specifically the

effect of stenting on blood viscosity.

The overall effect of the stent-produced pressure drop on the measured viscosity of

the blood samples is seen in the correlation graph of Figure 7.9a. The pressure-drop
AP* in this graph is the AP normalized in the same manner as the viscosity, i.e. the

stented geometry AP values have been normalized with their corresponding control
values, with unity implying the control cases. The viscosity values for the shear rate
of 15.82 s! are used for the analysis. The graph in Figure 7.9a indicates a non-linear
relationship, with two distinct features: a) an overall decreasing effect of the
(stenting-produced) pressure drop, and b) an increasing tendency of the viscosity as

the pressure drop increases.
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Figure 7.9: Correlation analysis. (a) Correlation between the stent-induced pressure-drop
(AP*) and the measured viscosity (n*) of blood samples at a shear rate of 15.82 s™" in the
overall population. (b) Correlation between AP* and n* in the female group. (c) Correlation
between AP* and aggregation index (Al) in females and (d) Correlation between AP* and

Al in males.

The relation of n* with AP* shows a complex behavior, as it is not in line with the
monotonic increase expected for a Newtonian or non-Newtonian flow. Figure 7.9b
illustrates a clearer relation between viscosity and pressure drop for the female
population. This increasing tendency can be explained by considering the RBC
aggregation behavior for the female samples seen in Figure 7.6d, which is a
statistically significant increasing trend against the stented configurations (p<0.05,
n=4). RBC aggregation is the main determinant of the non-Newtonian nature of
blood and is expected to affect negatively (i.e. increase) the effective viscosity of the
fluid. This is in the absence of any slip effects (cell-free layers) that RBC aggregation
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produces, due to synaeresis or other migration phenomena [182]. Increased RBC
aggregation in females compared to males is expected [183], however, the present
results show also a sensitivity to the local hemodynamics, namely the resulting

pressure-drop increase and stress exposure.

As differences in the female RBC aggregation (Figure 7.6¢) and overall pressure drop
(Figure 7.8), between control and stented configurations are statistically significant,
the correlation of AI* (normalized Al with corresponding control values) against AP*
is also of particular interest. Figure 7.9c shows that the increasing trend between AT*
and AP* in the females, follows the general Al dependency on the stent
configuration, seen in Figure 7.9d. In contrast, the RBC aggregation behavior of the
male population of the study (Figure 7.9d) follows a different pattern: after an initial

increase of AI* with AP*, a slight decrease follows.

The correlation coefficients seen in Figure 7.9 indicate potential relationships
between viscosity, RBC aggregation, and pressure drop. Perhaps of particular
importance is the information extracted regarding the female population, as the study
indicates a tendency of increasing viscosity as a result of the stent usage. This should
be further investigated with more focused, and perhaps in vivo studies. As a general
conclusion, it could be said that in clinical settings where minimizing pressure
changes is crucial, single stent configurations may be preferred, particularly in cases

where vessel curvature is not severe or complex.
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PAPT V: General Discussion, Synopsis and Conclusions

Chapter 8: General Discussion

In the sections below a summary of the observations is provided, accompanied by a
conclusive discussion on the most important topics covered in the study. This
general/conclusive discussion stems from the detailed discussion of the results
provided in the specific research work described in Chapters 5, 6 and 7, in which a
comprehensive connection to the relevant literature work was already provided. In
this part the discussion emphasizes on the most important issues unveiled in the
present study. The limitations of the study are also discussed in the last section of the

chapter.
8.1 Invitro observations

In the in vitro part of the study, the influence of various stent configurations on the
hematological, hemorheological and hemodynamical properties of blood was
investigated, for two different flow conditions. In terms of hematology, the results
showed no significant influence of the setups on RBC count, HCT and MCV, with
tendencies observed for exposure to more intense flow conditions. Regarding
hemorheology effects, the results illustrated an influence on RBC aggregation and to
a lesser degree on deformability and HCT, which consequently may have affected
the non-Newtonian behavior of the blood samples of the stented -cases.
Hemodynamic effects produced by the presence of stents were also revealed in the
pressure measurements as expected, with the overlapping stenting in the curved
geometry being the most pronounced. Gender differences in RBC aggregation and
viscosity effects were also revealed, which may aid in improving clinical practices.
Further studies on local hemorheology and hemodynamics should contribute to a

better understanding and refinement of the stenting practices.

While RBC aggregation remained within physiological limits, variations across
exposure durations and configurations suggest that altered deformability indirectly
modulates aggregation behavior, potentially through changes in membrane structure

and intercellular adhesion.
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The in vitro study provides detailed insights into the hemodynamic consequences of
stenting. Overlapping stents and curved vessel geometries significantly increase
pressure drop and flow resistance, whereas single stent implantation does not result
in notable hemodynamic alterations. Overlapping stents generate complex flow fields
and elevated wall shear stress, creating a biomechanical environment that could
exacerbate endothelial dysfunction and promote inflammatory or thrombotic

responses.

A key contribution of this work is the identification of overlapping stent
configurations as a risk factor for adverse hemodynamic and hemorheological
changes. These findings support clinical recommendations to prioritize single
stenting whenever feasible, particularly in anatomically curved or narrow vessels, to
minimize turbulence, pressure drops and inflammatory response. This insight
informs interventional strategies and device selection in clinical cardiology and

vascular surgery.

8.2 In vivo observations

The hematological analysis demonstrated a systemic response to stent implantation,
characterized by increased RBC counts and HCT, particularly at later time points.
This trend likely reflects erythropoiesis in response to localized hypoxia within the
stented region [124]. The elevated WBCs and RDW-CV further indicated an
inflammatory and oxidative stress-mediated reaction, both established contributors
to adverse outcomes such as restenosis and stent thrombosis [131]. Hemorheological
evaluation showed a significant reduction in RBCs deformability, especially in the
late post-stenting. Reduced deformability impairs microvascular perfusion, which is
correlated with elevated RDW and reflects morphological heterogeneity and

mechanical stress damage.

Notably, increased RDW-CV and stiffness of lymphocytes, detected through
nanomechanical profiling, highlight systemic cellular remodeling resulting from

localized vascular intervention.
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The in vivo work provided quantitative evidence of systemic cellular biomechanical
remodeling post-stenting, an area that has received limited attention in literature.
AFM has so far been used to determine the surface Young’s modulus of VSMCs of
stented New Zealand rabbits [184] and to study cross sections of coronary arteries
and showed that it may serve as a useful tool for tracking atherosclerosis progression
in the arterial wall tissue [185]. Observed nanomechanical alterations in lymphocyte
stiffness indicate that immune cell function and vascular healing processes may be
influenced by the mechanical environment introduced by the implant. Taking into
account that AFM experiments can be performed the same day of cell collection and
the technique is sensitive enough to assess even small alterations in cells’ stiffness
represented by Youngs modulus, the study’s findings facilitate that AFM
measurements can be used as a novel diagnostic biomarker for vascular health

evaluation, peri-implant inflammation and possibly early stage of ISR.

Additionally, the study indicates that hemorheological parameters, including RDW-
CV, RBC deformability and lymphocyte stiffness, may serve as effective biomarkers
for post-stenting monitoring. These parameters could aid in the early detection of
vascular complications and provide insights into the progression of vascular healing.
The observed changes in immune cell stiffness also highlight the potential
development of nanomechanical assessments as diagnostic tools. Such
measurements could enable monitoring of systemic responses to vascular implants
or inform immunomodulatory treatment strategies tailored to individual patients.
Moreover, integrating local hemodynamic data with specific cellular behavior
supports the advancement of personalized vascular modelling. Computational
simulations based on patient-specific vascular geometry and flow characteristics
could allow clinicians to assess the mechanical and biological implications of various
stent designs prior to intervention, enabling more precise and individualized

therapeutic planning.

These findings underscore the need to expand biomechanical sector. The complex
interplay between mechanical stress and cellular signaling remains a critical area of
investigation, especially in understanding how mechanical forces influence
endothelial repair, inflammatory regulation and long-term vessel remodeling. A more

comprehensive understanding of these mechanisms could pave the way for

93



innovative therapeutic strategies that integrate mechanical and biological principles

to promote more effective and durable vascular healing.

8.3 Study limitations

Various sources of uncertainty have been identified in this study starting with the
relatively small sample size, which is an inherent limitation as it did not allow

extensive hematology and hemorheological analysis.

In the present work, citrate was used as an anticoagulant, although reports in the
literature suggest that EDTA is the preferred anticoagulant for most automated
analyzers [8]. Further, human-automated analyzers may not provide accurate results
for mice, as various physiological parameters are different and can affect the efficacy
of the automated analysis, such as the smaller size of RBC and variable leukocyte

morphology compared to humans [128].

Hemorheological measurements were performed at room temperature (25°C with
small deviations), which differs from the normal mice physiological range.
Regarding the viscosity readings, the sensitivity of the viscometer did not allow us
to examine results at very low shear rates with confidence, where the RBC
aggregation and deformability have a greater influence. Other parameters, such as
plasma viscosity, which can help in the explanation of the viscosity behavior, were

not possible to obtain due to the limited amount of blood.

The presence of outliers was dealt with by applying an outlier exclusion criterion
objectively and without any preconceived bias toward specific specimens or
subgroups, solely based on the significant deviation of the data from the acceptable

measured range of each parameter.
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Chapter 9: Conclusions and future work

9.1 Concluding summary

This study emphasizes that vascular stenting induces both local mechanical
alterations and extensive biological responses, which together determine the success
or failure of the intervention. Integrating hematological, hemorheological and
hemodynamic perspectives provides a comprehensive understanding of the post-
stenting environment. The evidence presented strong support for minimizing
overlapping stent configurations, as single stent deployment strategies are more
effective in preserving physiological flow, reducing shear-induced damage, and
preventing adverse vascular remodeling. These findings could also provide useful
information for optimizing clinical practice guidelines in interventional procedures
and the optimization of stent design to improve therapeutic efficacy and vascular

compatibility.

By connecting mechanical design parameters with biological outcomes, this research
study advances the field of cardiovascular medicine toward biomechanically
informed, patient-specific and biologically compatible therapeutic strategies.
Moreover, the study demonstrates that alterations in blood cell mechanics, including
deformability and immune cell stiffness, serve as significant indicators of vascular
stress and systemic remodelling. Although the observed gender-based trends, are
preliminary, they indicate that personalized vascular therapy tailored to patient
gender and biological profile may enable more targeted, personalized and effective

interventions.

The findings of this study suggest several directions for future research and clinical
innovation. A key implication is the potential refinement of stent deployment
strategies. The evidence supports minimizing the use of overlapping stents,
especially in curved vascular regions, as these configurations are associated with
adverse hemodynamic effects. This insight may inform revisions to clinical

guidelines and best practices in stent placement, thereby enhancing patient outcomes.
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9.2 Future work

Further research is necessary to develop a comprehensive understanding of the
physiological and biomechanical consequences of stent implantation. Although the
present study demonstrates that stents influence hematological, hemorheological and
hemodynamic parameters, several critical areas require deeper investigation to
elucidate underlying mechanisms and facilitate the translation of findings into

improved clinical outcomes.

Large-scale studies are warranted to further investigate these findings and signify
potential clinical application. Also, in larger volume experiments, evaluating plasma
viscosity, which plays a determinant role in viscosity, can help further explain

viscosity behavior.

A critical direction for future research involves integrating computational fluid
dynamics (CFD) models with experimental data. CFD simulations of wall shear
stress and flow disturbances in various stent configurations, particularly those with
overlapping or curved geometries, can help predict regions susceptible to thrombosis
or endothelial injury. Such investigations may inform improvements in stent design

to minimize flow disruption and enhance biomechanical compatibility.

Moreover, future work should aim to incorporate molecular and cellular analyses to
investigate the biological pathways driving changes in RBC deformability, immune
cell stiffness, and systemic inflammation. In this context, interleukin-6 (IL-6) should
be investigated as a key pro-inflammatory cytokine. IL-6 is known to be involved in
the acute-phase response and recent studies demonstrated that IL-6 promotes the
development and rupture of atherosclerotic plaques and accelerating the progression
of atherosclerosis. Also, IL-6 contributes to endothelial dysfunction, and post-
stenting inflammatory complications. Assessing IL-6 levels in plasma, as well as IL-
6 expression in vascular tissues, could provide critical insights into the link between

stent-induced mechanical stress and immune activation.

Additionally, future studies should incorporate molecular and cellular analyses to
investigate the biological pathways underlying changes in RBCs’ deformability,
immune cell stiffness and systemic inflammation. Especially, Interleukin-6 (IL-6)

warrants investigation as a key pro-inflammatory cytokine. IL-6 is involved in the
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acute-phase response and recent studies have demonstrated that IL-6 promotes the
development and rupture of atherosclerotic plaques, thereby accelerating the
progression of atherosclerosis. Furthermore, IL-6 contributes to endothelial
dysfunction and post-stenting inflammatory complications. Assessing IL-6 levels in
plasma and IL-6 expression in vascular tissues could provide critical insights into the

relationship between stent-induced mechanical stress and immune activation.

Finally, the development of biomechanical and hemorheological biomarkers,
including RDW-CV, RBC deformability indices, lymphocyte nanomechanics and
circulating IL-6 levels, could facilitate the creation of novel diagnostic and
monitoring tools for post-stent evaluation. These biomarkers may enable early
identification of high-risk cases and support the implementation of individualized

therapeutic strategies.
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APPENDIX

Appendix I: In vivo- Results
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Figure Appendix I.1: Effect of different surface treatment stenting (EP, HT) on

hematological parameters.
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Figure Appendix 1.2: Effect of different surface treatment stenting (EP, HT) in RBC

aggregation, deformability and normalised viscosity n* against shear rate.
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Appendix II: In vivo: Lymphocytes - Results
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Figure Appendix II.1:Lymphocyte elasticity expressed in Young’s modulus values (kPa).
(A) Control vs stented ApoE and CD1 mice (same day and 24 h after isolation). (B, C)
Normal vs corroded stented CD1 mice, same and next day measurements, respectively (*

indicates p < 0.05).
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Appendix I11: In vitro-Results
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Figure Appendix III. 1: Impact of stenting on various hematological parameters across
different experimental groups (female vs. male). The panels represent: (a) red blood cell
(RBC) count, (b) hematocrit, (c) red cell distribution width (RDW), and (d) mean corpuscular
volume (MCV). Data are presented as mean + standard deviation (SD). Red dashed lines

indicate the physiological reference range for each parameter.
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Figure Appendix III. 2: Effect of different experimental setups on red blood cell (RBC)

deformability and aggregation in male and female groups.
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Figure Appendix III. 3:Viscosity (1) against different shear rate (s™') across different

experimental conditions.
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Figure Appendix II1. 4: Viscosity (1) against shear rate (s™!) for male (a) and female (b)
across different experimental conditions. The results for each gender are shown in panels

(a) and (b), respectively.
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Figure Appendix III. 5: Representative pressure/time data for the single mode.
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Figure Appendix III. 6 Representative pressure/time data for the quadruple mode.
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