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Abstract

Stent technology has been introduced in the 80s to overcome the limitations of balloon
angioplasty. However, complications can still occur after the implantation of permanent
metallic stents such as prolonged physical irritations, chronic inflammation, stent fracture,
thombosis and particularly in-stent restenosis. Nowadays, to overcome those limitations,
the most promising type of stents is the biodegradable stent. As the name suggests, the
stent remains in situ only for a limited period of time before being completely degraded
and disappearing, allowing reendothelialization to take place. So far, two main materi-
als have been mostly investigated : magnesium-based alloys and iron-based alloys. This
master thesis is focused on the latter. Pure iron shows adapted mechanical properties.
However, its degradation is too low and need to be increased by alloying. TWIP was
created to meet this need.

To select the best candidate material for biodegradable stent applications, a detailed char-
acterization is required. In this master thesis, the degradation and roughness of pure iron
and TWIP samples was analysed using different physical and microCT-based methods.
Studying degradation and roughness of candidate materials for biodegradable stent ap-
plications and gathering a 3D reconstruction of the samples before and after immersion
thanks to microCT is something that has not been done yet. Therefore, the use of mi-
croCT needs to be assessed and optimised for the characterization of the degradation rate
and roughness evolution over time. For this purpose, the roughness and degradation rate
of wires made of TWIP and pure iron was analysed during dynamic immersion tests.

Results highlighted the limitations of microCT to compute the degradation rate with the
mass loss method. Several assumptions have been done to explain those bad results. An
aliasing effect may occur at the ends of the scan, wires may be curved during degradation
and handling, a protective layer may form on the surface or spatial image resolution may
be too low to detect such small volume differences. Inductively coupled plasma mass spec-
trometry results has allowed us to observe an increase in the degradation rate of TWIP
after 5 hours of immersion. For microCT-based roughness analysis, two different Mat-
lab routines were used, both using linear baselines. The first one rapidly demonstrated
limitations as it is not able to take into account the curvature of the wire. The second
one gave better results. It enabled us to detect the presence of outliers. It showed an
higher initial roughness for TWIP caused by the manufacturing process. It also allowed
us to demonstrate a low correlation for both materials between the degradation rate and
the initial roughness, meaning that alloying has effectively improved the corrosion rate of
TWIP. Finally, we were able to observe the roughness evolution of pure Fe over time.

To conclude, the use of microCT seems limited to compute the degradation rate. Its use
for roughness analysis seems more promising. However, additional work should be done
to evaluate the roughness with polygonal baselines instead of linear baselines. Ideally, the
roughness should be analysed with a routine that could compute the roughness parame-
ters in 3D, taking into account any outliers. Comparison should also be made between
microCT and standard profile measuring systems results. Finally, no conclusion could be
drawn concerning the use of TWIP for biodegradable stent applications since the number
of samples was limited and its roughness and degradation rate evolution over time could
not be observed.
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Part 1
Introduction

According to the World Health Organization, an estimated 17.9 million people died from
cardiovascular diseases (CVDs) in 2016, representing 31% of all global deaths and making
them the leading cause of death for the world population [1]. Of these deaths, 85% are
due to heart attacks and strokes, both considered as coronary heart diseases (CHDs) also
called ischemic heart diseases. Ischemia can be defined as inadequate blood supply to a
local area due to blockage of the blood vessels supplying that area. The most common
cause for this is a build-up of plaque, called atherosclerosis, on the inner walls of the veins
or arteries [2]. If left untreated, the plaque can become vulnerable and could potentially
break out. A blood clot called thrombus can be created by the body’s immune system
in reaction to the injury. This clot can block an artery, leading to either a heart attack
or stroke [3]. When blood vessels are narrowed by plaque, stents can be used to allow an
adequate oxygen-rich blood flow. Indeed, the stent keeps the narrowed arteries open and
therefore, allow for an adequate blood flow. Stents are also sometimes used to treat the
aorta if it has an aneurysm or bulge in it [4].

The problem is that stents do not last for ever. Stent technology continues to be as-
sociated with complications including restenosis and thrombosis [5]. Indeed, even if the
cases of restenosis have considerably decreased thanks to stenting following angioplasty,
in about 25% of stenting cases, complications related to restenosis can still occur [6]. We
then speak of in-stent restenosis. Several different techniques and treatments have been
implemented in order to treat in-stent restenosis. Repeated balloon angioplasty alone
has been rapidly followed by ablative techniques such as laser or rotational atherectomy.
Deploying of a second stent within the stent represents another effective alternative tech-
nique as well as cutting balloon. None of these techniques has proven its superiority over
balloon angioplasty alone. The only effective technology that can significantly reduce
the rate of restenosis at follow-up is called vascular brachytherapy. However, its use was
quickly limited by the cost, associated infrastructures and the risk of late thrombosis re-
quiring extended antiplatelet therapy. Surgical treatment as well as medical therapy can
also be proposed in recurrent in-stent restenosis. In any case, the patient will always have
to bear costs and face risks [7].

In order to minimise the amount of complications and consequently the money and time
lost by patients and the risks involved, a solution has to be found. This master the-
sis is part of a broader research project aimed at developing a biodegradable metallic
stent. The main purpose of this work is to assess and optimise the use of microCT for
biodegradable stents characterization. To do so, the in vitro corrosion rate and roughness
of TWIP (Fe-Mn-Al-Si) and pure iron will be analysed after in vitro immersion using
physical and microCT-based methods. It is known that the degradation process and the
roughness have an influence on the in-stent restenosis rate upon implantation of the stent.
Moreover, the degradation rate should be adapted and the stent should disappear timely.
Therefore, data collected in vitro need to be properly characterized to better understand
the transformations that the stent will undergo in vivo and therefore give insights on the
possible use of TWIP as an appropriate material for biodegradable stent technology.



Part 11
State of the art

1 Cardiovascular system

The cardiovascular system is composed of the heart, which acts like a blood pump, and
the network of vessels, which brings blood to the different organs of the body and brings
it back to the heart where it can be re-oxygenated by the lungs. A relatively high pres-
sure allows blood to be ejected from the heart. It then flows through the main arteries.
Gradually, the network branches out and the blood joins the arterioles and finally the
capillaries, where oxygen and several nutrients are delivered to the various organs and
where carbon dioxide and catabolites are removed. Blood returns to the heart through
a network of veins and at a lower pressure [8]. A system of valves in the veins allows
to prevent backflow. Although arteries and veins have many structural and functional
differences, they also share many common characteristics (Figure 1).
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Figure 1: Blood vessels anatomy (veins and arteries). Adapted from [9]

A healthy blood vessel wall is composed of three different layers : the tunica intima, the
tunica media and the tunica externa. The tunica intima is the thinnest and innermost
layer. It mainly consists of endothelial cells, which form a continuous monolayer covering
all blood vessels. Only their structure or function can vary depending on their location
in the vascular tree. However, they all have three things in common in their resting
state. They are thrombogenic and, therefore, allow the blood to remain in its fluid state.
They have an important role in the delivery of nutrients to the subendothelial structures.
And, finally, they also prevent a certain permeability to cells, macromolecules and to the
particles that circulate in the blood by acting as barriers. This permeability can vary
under some specific conditions and, thus, allow the passage of various molecules and cells.
The intima tunica is also made of a small amount of subendothelial connective tissue and,



in some larger arteries, of a thick and distinct layer composed of elastic fibers called the
internal elastic membrane. This layer forms a border with the tunica media [10]. The
tunica media acts as a structural support and provides vasoreactivity and elasticity to
the blood vessels. It consists of smooth muscle cells and connective tissue, the amount
of which depends on the type of vessel. Again, an elastic membrane, called the external
elastic membrane, separates the tunica media from the tunica externa. This structure is
generally only present in the major arteries. The tunica externa is the outermost layer
and is entirely made up of fibrous connective tissue such as collagen fibers. The purpose
of collagen is to anchor blood vessels to nearby organs, giving them stability. It also
contains the nerves of the vessel and nutrient capillaries (vasa vasorum) in large blood
vessels. The internal and hollow region of the vessel is called the vessel lumen [11].

2 Atherosclerosis

Atherosclerosis is an inflammatory disease characterized by the narrowing of the arter-
ies due to the build-up of a modified fatty deposit (Figure 2). A severe inflammatory
response generally follows the accumulation of lipids and is characterized by the forma-
tion of atherosclerotic plaques. Several specific cells are involved in the process: inflamed
smooth muscle cells, endothelial cells, foam cells, leukocytes, macrophages, dendritic cells,
lymphocytes and other inflammatory cells. Many studies report that the risk factors for
atherosclerosis are closely related to physical injury due to stenting, stress caused by
hypertension or turbulent blood flow, hyperlipidemia (high blood concentrations of low
density lipoproteins (LDLs)) or an increase in the production of reactive oxygen species
(ROS). This results in endothelial dysfunction and oxidation of LDLs, followed by an
inflammatory response, all contributing to the pathogenesis of atherosclerosis [12].

A dynamic and active interface between the blood flow and the vessel wall is provided
by the endothelial cells. The endothelial cells monolayer acts as a semi-permeable barrier
allowing the potential entry of certain fluids, nutrients, gases and waste to the tissues from
the blood. The first step in the pathophysiology of atherosclerosis is characterized by an
endothelial dysfunction (ED). Damages to the endothelium is the cause of the inhibition
of the production of nitric oxide (NO) known to be a powerful vasodilator. Damages also
stimulate the production of adhesion molecules [13]. These molecules attract inflamma-
tory cells to the arterial wall where monocytes can go through. They then migrate to the
intima tunica, where they differentiate into macrophages [12].

Blood cholesterol levels are well balanced and highly regulated under normal healthy
conditions. LDL is known to be an essential lipoprotein. They can indeed enable the
transport of cholesterol between the liver and the rest of the tissues. They are then in-
corporated into the tissue cells by receptor-mediated endocytosis via the LDL receptor
(LDLR). High density lipoproteins (HDLs) allow the transport of excess cholesterol from
the peripheral tissues back to the liver. As a result, the balance of metabolism is well
maintained [12]. When ED occurs, one of the earliest changes is also seen in the perme-
ability of the endothelium. Increased amounts of lipoproteins are transported through the
endothelium to the sub-endothelial space of the tunica intima [14]. Oxidation of LDLs
to oxLDLs occurs because of oxidative stress environments. Macrophages can easily en-
gulf oxLLDLs and an inflammatory response is then triggered, stimulating the production



of proinflammatory cytokines [12]. Macrophages then slowly turn into large foam cells
forming the fatty streak [14].

The last stage of the disease is characterized by the apoptosis and necrosis of the foam
cells accumulated in the arterial wall. This brings about the release of their fatty content
and the formation of a necrotic core, which is rich in lipids. Furthermore, vascular smooth
muscle cells (VSCMs) begin to proliferate under the influence of cytokines and growth
factors. They then migrate from the tunica media to the tunica intima and form a
fibrous cap around the lipid core. VSMCs also have an extracellular matrix (ECM),
which strengthens the fibrous cap. Under normal healthy conditions, this smooth muscle
proliferation can be prevented by the release of NO, but because of ED, the NO production
is inhibited. VSMCs are also responsible for the production of collagen. However, under
these above conditions, collagen is degraded by matrix metalloproteinases released by the
inflamed macrophages in the necrotic core. Collagen production is also reduced by death
or loss of function of the VSMCs. Finally, the rupture of the atherosclerotic plaque can
occur. In this case, platelets aggregation happens quickly, a blood clot called thrombus
can be formed and the arterial blood flow can be obstructed [12].
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Figure 2: Atherosclerosis and plaque vulnerability. (a) ED results in an inflammatory
response and monocytes enter the artery wall from the bloodstream and migrate to the
intima of the arteries. Then, they differentiate into macrophages. LDL are deposited
in the endothelium and undergo oxidative modification, resulting in oxLDL. (b) OxLDL
are easily captured by macrophages forming a fatty streak, triggering an inflammatory
response in the neighboring endothelial cells and stimulating the production of proinflam-
matory cytokines. (c) Macrophages slowly turn into large foam cells. Foam cells can
undergo apoptosis and necrosis leading to the release of their fatty contents forming a
necrotic core rich in lipids. VSMCs proliferate and migrate from the media to the intima
of arteries forming a fibrous cap around the lipid core to stabilize the fibrous plaque.
The increasing plaque volume promotes neovascularization. (d) Plaque rupture can occur
followed by thrombotic events [15].



3 Possible treatments of atherosclerosis

3.1 Balloon angioplasty

Balloon angioplasty is a procedure used to open blocked arteries (Figure 3). Therefore,
balloon angioplasty is a technique for restoring the blood flow. No open-heart surgeries
are required. The process begins with the delivery of a balloon where the narrowed ves-
sel is located. This is done with a catheter inserted in a peripheral artery, usually the
femoral or radial artery. An appropriate pressure allows to inflate the balloon which will
then expand the vessel, restoring the lumen size and improving the blood flow previously
decreased [16].

However, acute vessel closure or elastic recoil in the short term and restenosis in the
long term can happen, which highly limit the efficiency of the procedure. Moreover, the
dilatation of the balloon can cause a severe injury to the artery. In response, the immune
system reacts and restenosis can occur. To deal with those complications, stent technology
was introduced in the 80s [16].

Artery
Cross-section
Plaque

Increased
Blood
Flow

Catheters

Plaque
Narrowed

Artery

Widened Balloon Catheter

Artery

Expanded
Balloon Compressed

Plaque

@

Widened Artery

Figure 3: Balloon angioplasty procedure [17].

3.2 Stent technology

Nowadays, treatment of CVDs can be done using a well-established and minimally invasive
technique, referred to as stenting [18]. Conventionally, a stent is a small tubular scaffold
that can be inserted in narrowed vessels that are blocked by atherosclerosotic plaque
to keep them open. It is usually made of medical-grade and corrosion resistant stainless
steel, titanium or a cobalt-chromium alloy. The stent stays at the implantation site, which
allows for the reduction of the obstruction and the prevention of the vessel narrowing [19].
At present, in about 60% of balloon angioplasties, the use of a stent is needed. When
stenting is coupled with balloon angioplasty, the stent is positioned and expanded by the
inflation of the balloon, which opens the stent and pushes it against the arterial wall. The
balloon is then deflated, leaving only the stent in the artery and keeping it open (Figure
4) [6]. Mechanical support is then provided by the stent. Millions are implanted each
year worldwide [18].
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Figure 4: Schematic diagram of stenting representating the process of opening a blocked
artery. (1) A catheter is inserted into a partially blocked artery. A dye can be released
to locate the site of blockage. (2) A stent with a balloon is placed in the location of the
plaque. (3) The inflation of the balloon causes the stent to expand. (4) The balloon is
deflated and removed leaving the stent alone. The artery is kept open by the stent [19].

Since their first implantation in the 80s, cardiovascular stents have been designed to last.
They are mainly made with materials such as 316L stainless steel or titanium and cobalt-
chromium alloys. Those materials are known for their high strength, good biological
performance, ductility and good corrosion resistance, making them the main materials
used for medical implants. However, complications can occur after the implantation of
permanent metallic stents such as prolonged physical irritations, chronic inflammation,
stent fracture, thombosis and particularly in-stent restenosis (ISR) [19].

4 In-stent Restenosis

Still today, the precise mechanisms underlying ISR are not fully understood. However, it
is known that the expansion and placement of the stent can cause an injury to the arterial
wall. In response to this injury, the immune system will be activated. ISR is considered
as a distortion of the natural healing response (Figure 5). The injury triggers a number
of events, leading to the development of a neointima. The latter is composed of VSMCs
and components from the extracellular matrix.

Generally, platelets are activated first and adhere to the stent struts. This is followed
by the recruitment and activation of neutrophils, monocytes and macrophages within the
thrombus. These events take place during the first week or so. This immune response
releases a cocktail of cytokines and growth factors. This cocktail, and the injury caused
by the stent deployment, bring about the activation of VSMCs, which then proliferate and



4.1 Characterization of ISR

migrate towards the lumen. ECM is produced by the VSMCs and togheter they induce
the neointima formation, which is characteristic of ISR [16].
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Figure 5: Schematic overview of ISR, showing key responses to stent implantation within
a diseased artery. (A) Diseased artery with lumen narrowed by the presence of atheroscle-
rotic plaque. (B) Stent implantation causes severe injury to the vessel wall, resulting in
platelet adhesion/activation and recruitment and activation of neutrophils, monocytes,
and macrophages. (C) Release of cytokines and growth factors triggers VSMCs to pro-
liferate and migrate towards the lumen. (D) Mature neointima is formed, comprising
VSCMs and ECM, covered by a restored endothelium. Adapted from [16].

When ISR occurs, repeated revascularization is necessary to treat previously stented
atherosclerotic lesions. However, this procedure is complex and the fact that there are
so many of them is the evidence that ISR still represents a significant clinical problem.
Consequently, many studies have been carried out in order to develop strategies for pre-
venting ISR and limiting the need for repeated revascularizations. [16]. For this purpose,
a detailed characterization is required.

4.1 Characterization of ISR

4.1.1 Histology

Histology is the study of the microanatomy and the structure of biological material. It
helps to assess the correlation between structure and function of the tissue as well as
the relationship between individual components. Histology is a mixture of biochemistry,
molecular biology and physiology, on the one hand, and pathological processes and their



4.1 Characterization of ISR

effects on the other. It, therefore, represents a central tool used in biological and biomed-
ical science. Knowledge of the histological aspects of healthy structures is essential to
recognize diseased structures and to analyze and understand the biochemical and physi-
ological processes behind them [20].

The extent of ISR has quite often been assessed by histological analyses. Histology has
indeed been used to find a certain correlation between the neointimal formation on the one
hand and the arterial lesion caused by the deployment of the stent and the characteristics
(such as the number and distribution of the spacers, the type of stent, length, charac-
terization of the surface and materials) of the stent on the other hand [21]. However,
histology has some disadvantages. Since autopsy samples are used for the analysis, its
usage remains limited by the number of specimens that is particularly low for humans. As
a result, this limits the understanding of the vascular reaction to implantation of a stent
through histology. In addition, the separation of metal and injured tissue without disturb-
ing the tissue morphology represents a significant challenge. There is a technique which
allows the stent to be removed before histological treatment. However, this method can
cause the deterioration of the normal vascular architecture, in particular at the interface
between the stent and the tissue [22].

4.1.2 Intravascular ultrasound

Based on information derived from histology, a technique called virtual histology intravas-
cular ultrasound (VH-IVUS) can be used to detect the first signs of ISR. Intravascular
ultrasound (IVUS) is generally used in clinical practice, but it only analyses the amplitude
of the reflected ultrasound signals. Therefore, the assessment of the plaque composition
is limited. Spectrum analysis of IVUS-derived radio frequency (RF) data allows for a
more detailed analysis of the composition and morphology of the atherosclerotic plaque.
This can be done using preliminary in wvitro studies where the histological components of
the plaque are correlated with specific spectrum analysis of the RF data. The different
components (fibrous, fibro-fatty, necrotic core and dense calcium) are then associated to
a specific color. Cardiovascular tissue maps can finally be reconstructed from RF data
[23].

4.1.3 MicroCT and CE-CT

High-resolution microfocus X-ray computed tomography (microCT) is a technique for
preclinical vascular imaging, enabling a resolution of the order of a micron. It is a non-
destructive tomography technique used to reconstruct three-dimensional images of small
and radiopaque pathological samples. One of the main advantages is that the specimens
are kept intact allowing, for subsequent staining and histological analysis. Depending on
the protocol and on the scanner, resolutions ranging from 0.5 to 100 micron voxels can
be expected [24].

The use of microCT by vascular biologists has greatly increased for the study of angio-
genesis, neovascularization, tumors as well as the morphology of the stented arteries and
more particularly, the interaction between the stent and the arterial wall [24, 25, 26, 27].
After various types of fatigue testing, microCT is able to assess the stent design and
integrity. However, microCT technolgy remains very limited by the maximum size of the
sample that can be scanned (approximately 2 x 2 x 7 c¢m corresponding to the size of
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an adult mouse), which makes it impossible to use it for in vivo human imaging [24].
Another disadvantage of microCT is the inherently poor contrast in standard absorption
mode which makes the visualization of soft biological tissues challenging.

Recently, the interest in contrast-enhanced microCT (CE-CT) has increased [28, 29].
Whole tissue samples are incubated in contrast agents allowing visualization of the soft
tissues, such as muscles and adipocytes [29]. Indeed, to achieve sufficient X-ray attenua-
tion, staining agents containing high atomic number molecules are adopted. CE-CT is a
highly promising technique for full 3D visualization of the different subtissues within nor-
mal and diseased biological tissues. The effects of a disease on the tissue microstructure
can be better understood.

4.1.4 Computer simulations

Computational fluid dynamics (CFD) looks at fluid movements and their effects by nu-
merically solving the equations governing the fluid. This technology is then able to make
predictions and to analyse fluid flow phenomena [30]. CED can therefore be used to bet-
ter understand and study the macro and micro aspects of the blood flow in blood vessels
when it is affected by stents or atherosclerosis [31, 32]. Therefore, it allows to gain a
better understanding of their influence on the neointima formation. It has indeed been
proven that a value of shear stress lower than 0.5 Pa could be an important risk factor
for ISR. CDF simulations also have drawbacks. Its use is limited to idealized deployed
stents having a high degree of symmetry and uniformity. However, in reality, the numer-
ous irregularities of the deployed stents have a significant impact on the hemodynamics.
Therefore, simulations do not always reflect the in vivo influence of stents on the blood
flow [21].

4.2 Parameters affecting ISR

Complications and adverse events, strongly influencing morbidity and mortality after
stenting, are still present despite many advances in stent design and even more advanced
pharmacological strategies. Therefore, preventing ISR by controlling the factors that have
an influence on it represents today an urgent need and a major challenge [33].

This section gives an overview on some parameters that could have an impact on ISR and
on how they could be controlled to avoid or mitigate ISR.

4.2.1 High-sensitivity C-reactive Protein (hs-CRP)

hs-CRP is considered as the most powerful inflammatory marker of cardiovascular or
cerebrovascular diseases, and is known to be an inflammatory mediator of atherosclerosis.
Post-operative inflammation can increase the instability of atherosclerotic plaques and
lead to the formation of a blood clot and hypercoability [34]. Therefore the control of
the inflammatory response is essential and can be done by correctly controlling the level
of post-interventional hs-CRP level. Also, it has been proven that a higher hs-CRP level
before the operation can have an influence on ISR compared with patients with a normal
hs-CRP level [34, 35]. Thus, determination of the pre-interventional as well as the control
of post-interventional hs-CRP level may help control the development of restenosis after
stenting [34].
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4.2.2 Homocysteine (HCY)

HCY is an intermediary amino acid formed by the conversion of methionine to cysteine.
A high level of HCY can have a direct or indirect effect on the gene expression of vas-
cular endothelial cells and a toxic effect that can lead to cellular apoptosis. In reaction,
VSMCs will proliferate, migrate and lead to the formation of a fibrous cap and to the
thickening of the arterial wall and therefore to the narrowing of the lumen size of blood
vessels. The arterial elasticity is also modified and finally the formation of atheroscle-
rotic plaques occurs [34]. De et al. have demonstrated that patients with moderately or
severely elevated HCY levels may be at higher risk for restenosis and subacute throm-
bosis after stenting [36]. Therefore, monitoring the level of post-interventional, but also
pre-interventional HCY can be useful in preventing ISR. This can be done with early
intervention for hyperhomocysteinemia [34].

4.2.3 Diabetes

Diabetes is a disease known to have a significant influence and to be an independent risk
factor for restenosis after stenting. Indeed, diabetic patients generally have long-term
hypercoagulability, an endothelial vascular metabolism and a higher dysfunction of the
blood flow which make those patients more prone to thrombosis. Certain growth factors
responsible for intimal hyperplasia, proliferation and migration of VSCMs towards the
lumen as well as the deposit of their ECM can be stimulated by insulin. An abnormal
production of insulin can, therefore, have an impact on the formation of the neointima.
Hence, glycemic control is, for these patients, essential to prevent a high rate of restenosis
after stenting [34].

4.2.4 Lesion characteristics

Bifurcation lesions can induce a more complicated surgical process. In this case, the num-
ber of dilatations of the balloon on the arterial wall can be high . These repeated actions
can increase the damage to the arterial wall and therefore deteriorate ED. This increases
the rate of restenosis after stenting [34].

The length of the lesions is also recognized to be a risk factor for ISR. The more diffuse
the lesions (> 10 mm), the higher the incidence of restenosis. ISR is also more common
in small vessels [37].

4.2.5 Stent characteristics

The longer the stent, the more severe the injury to the arterial wall and the subsequent
inflammatory response will be. Therefore, the size of the stent is also a parameter that
can influence ISR. Appropriate stent expansion is also essential. An underexpansion or
an overexpansion are two risk factors for ISR. Therefore, before stent insertion, it can be
helpful to accurately estimate the length of the lesion and the diameter of the vessel. This
way, the stent can properly cover the lesion and be placed correctly [34].

In addition, other characteristics of the stent, such as strut dimensions, strut profile

(square, circular, elliptic, ortear drop), orientation and angle with respect to flow direc-
tion affect the flow pattern, and hence the distribution of hemodynamic forces inside the
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stented artery. Numerous clinical investigations suggest that non-constant hemodynamic
forces acting on the artery wall during the cardiac cycle may have an influence on neoin-
tima formation and therefore on ISR [21].

Also, surface topography is considered to have an important influence on stent perfor-
mance. While smooth surface stents were previously associated with reduced thrombo-
genicity and neointimal proliferation, more recent experimental studies have suggested
that stents with a previously treated rough surface may accelerate endothelialization of
the stent, a process that has been associated with less thrombus formation and neointimal
growth after stenting. The storage capacity of anti-restenotic drugs can also be improved
thanks to the roughness present on the surface of the stent. The use of a polymer coat-
ing, which is often associated with a greater inflammatory response, is then no longer
necessary [38]. In addition, a precise evaluation of the surface roughness can help analyse
the local mechanical and dynamic properties of fluids, which are known to have some
influence on ISR [39]. Finally, roughness can have a significant influence on the degrada-
tion rate in case of biodegradable stent. However, the influence of surface roughness on
the corrosion property is usually ignored [40]. Therefore, controlling the roughness of the
stent is crucial to avoid ISR.

Finally, many enhancements with regard to stent technology have been achieved to de-
crease the ISR rate. In 2001, to mitigate or avoid ISR, the concept of drug eluting stents
(DES) was introduced. This technology slowly releases a drug that will limit cell pro-
liferation and prevent the formation of a fibrous cap. However, several case studies and
clinical investigations have shown that this technology is often associated with a high rate
of stent thrombosis (ST) occuring unusually late. This is a phenomenon referred to as
very late ST [41]. The goal is then to prevent ISR on the one hand and to avoid ST by
accelerating the healing process and by promoting reendothelialization of the blood vessel
on the other hand. Nowadays, the most promising type of stents for this is the biodegrad-
able stent. As the name suggests, the stent remains in situ only for a limited period of
time before being completely degraded and disappearing, allowing reendothelialization to
take place. This period must be long enough to allow the widening of the vessel and avoid
elastic recoil and constrictive remodeling [42]. This will be explained in more details in
the section 5 of this chapter.

4.3 ISR treatments

4.3.1 Balloon angioplasty

Balloon angioplasty is one of the earliest treatments that has been used for patients with
ISR. The procedure is technically straightforward and is explained in Section 3.1. The
results associated with this treatment are most often satisfactory. In addition, it results
in a very low incidence of complications. Axial and longitudinal tissue extrusion, as well
as additional expansion of the stent, are responsible for the good results after balloon
angioplasty. However, in some cases and within minutes after the last inflation of the
balloon catheter, a reintrusion of the subacute tissue toward the lumen may occur. This
may, in turn, limit the use of balloon angioplasty for the treatment of ISR [43].
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4.3.2 Cutting balloon

The cutting balloon is an attractive and simple technique for the treatment of ISR. The
balloon catheter has three or four atherotomes (microsurgical blades) on its surface. This
makes it possible to create discrete longitudinal incisions in the atherosclerotic plaque
of the target cardiovascular segment. It allows to avoid the sliding of the balloon and
problems associated with it [44]. In addition, deep incisions of the neointimal tissue could
ease its latter extrusion [45]. Consequently, this technique allows for a more controlled
extension of the lumen of the vessels since a lower pressure is necessary for the inflation of
the balloon than for conventional balloon angioplasty. The dilation is better controlled,
which reduces the extent of lesions on the vascular wall and therefore decreases the rate
of future ISR [44].

4.3.3 Ablative techniques

Because the long-term results of balloon angioplasty alone are often poor, new ablative
techniques such as rotational atherectomy and excimer laser have been advocated. The use
of laser or rotary atherectomy can be implemented after conventional balloon angioplasty,
resulting in a decrease in ISR [46]. Both techniques involve physical removal of the
neointimal tissue or the atherosclerotic plaque [43].

4.3.4 Vascular brachytherapy

Vascular brachytherapy (VBT) is a technique that is no longer used today but was one of
the most promising treatment options at the time for patients with neointimal hyperplasia
and ISR. In this technology, a radioactive isotope is temporarily placed in the diseased
vascular segment. Clinical trials have shown that this technique can prevent the progres-
sion of ISR and dramatically reduce the rate of ISR. It can improve the results observed
after balloon angioplasty alone or ablative procedures with excimer laser or atherectomy
[43]. However, this technique can induce a fairly high rate of late restenosis and many lo-
gistical problems are related to the technology. This is why the use of VBT has decreased
sharply in recent years, so that most hospitals no longer even have the devices necessary
for the technology [47].

5 Biodegradable stents

Stenting is performed when remodelling of the arterial wall and widening of the vessel
lumen are needed. This is possible thanks to the mechanical forces imposed by the stent
deployed on the wall. However, a long-term presence of the stent is not necessary. After
a while, the arterial tissue heals and finds a new equilibrium after being stressed by the
deployment of the stent. Most of the problems encountered, such as ISR, late ST and the
need for prolonged antiplatelet therapy when inserting a stent, are long term issues and,
therefore, the use of a biodegradable stent could help avoid them [48].

An ideal biodegradable stent should be able to coordinate its degradation and mechanical
integrity during implantation, as shown in Figure 6. Ideally, the stent should first be
able to degrade very slowly and maintain its mechanical properties intact to provide the
support needed to remodel the arterial wall. A period of 6 to 12 months should be
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sufficient for complete healing of the cardiovascular wall. Then, when the mechanical
properties of the stent start decreasing, it must degrade at a sufficient rate. Degradation
should not result in an intolerable accumulation of the degradation products around the
implantation site or the formation of toxic products for cells [48]. Degradation should
also be uniform. Corrosion that is too localized on the stent can cause an undesirable
implant failure. If this happens in the first days of implantation, when the wall is not yet
completely remodeled, it can be particularly dangerous [49]. In total, a period of 12 to
24 months is considered reasonable for the stent before being completely degraded [48].
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Figure 6: Illustration of an ideal compromise between mechanical integrity and degrada-
tion of a biodegradable stent [48].

The choice of material for this type of technology is crucial. Indeed, the mechanical
properties and the rate of degradation depend on the implantation site and even more
on the choice of the material. Therefore, design and development of stent materials with
appropriate mechanical and degradation properties are key steps in the development of
this new class of medical devices. Before performing in vivo studies, in vitro studies are
essential to select potential candidate materials [48].

The candidate materials for such an application should have mechanical properties ideally
close to those of 316L stainless steel (Table 1), which is today the most used material for
permanent stents. These mechanical properties are adapted to provide sufficient support
for diseased arteries [6]. Indeed, complications and damages to the cardiovascular wall
can occur if the mechanical properties of the material used are not suitable for the tech-
nology. Also, when the material degrades, the degradation products are absorbed by the
surrounding cells and by the blood. Therefore, these products should be non-toxic.

As a result of this, the material for biodegradable stents should have at least the following
characteristics : it must be biocompatible; degradation products of the material must also
be non-toxic and biocompatible; the material must stay in place for several months be-
fore its complete degradation and bioabsorption and the radial force of the stent must be
sufficient to offer an adapted scaffolding effect during the requested period [6]. Properties
of the ideal biodegradable cardiovascular stent are summarized in Table 2.

The two main materials investigated for biodegradable stents are polymers and metals.
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Table 1: Mechanical Properties of 316L Stainless Steel as a stent material. [50, 51, 52]

Mechanical Properties T.ype 316L
stainless steel
Ultimate tensile strength, MPa 550
Yield strength, MPa 260
Elastic Modulus, GPa 193
Density,(g/cm?) 7.9
Elongation,% 50

Table 2: Ideal biodegradable stent properties

Ideal biodegradable

stent properties
Ultimate tensile strength : 550 MPa
Yield strength : 260 MPa
Elastic Modulus : 193 GPa
Density : 7.9 (g/cm?)
Elongation : 50%
A sufficient radial force to avoid elastic
recoil of the vessels
Hydrodynamic compatibility [51]
Biocompatibility of the metal
Non-toxicity of the degradation products
Chemical properties Controlled degradation process
Surface properties Adapted roughness
Lifespan 12-24 months
Compatible with magnitic resonance imaging
(MRI) and intravascular ultrasound (IVUS) [51]
Radiopaque (addition of markers to make the
stent visible by fluoroscopy is not required) [51]

Mechanical properties

Biological properties

Others
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5.1 Mg-based alloys

The use of biodegradable polymer stents has been limited by some drawbacks such as local
inflammation, radiolucency, limited mechanical performance and early recoil after implan-
tation. In comparison, metal stents have great mechanical properties. Some of them even
have properties strongly close to metal stents made of stainless steel, the gold standard
material for stent applications [19]. Therefore, over the past two decades, biodegradable
metal stents have drawn the attention of many scientists and researchers [53]. So far, two
metallic biodegradable materials have been mostly investigated : magnesium-based and
iron-based materials.

5.1 Mg-based alloys

5.1.1 Mechanical properties

Information on the mechanical properties and degradation rate of different magnesium-
based alloys investigated for biodegradable stents can be found in Table 3. Since 316L
stainless steel is the reference material, these properties are also presented as reference.
In general, Mg and its alloys have mechanical properties that are relatively close to those
of cortical bone (p = 1.99 g/cm ™ and E = 11.7-18.2 GPa). Therefore, they have a low
density and too low rigidity (E = 41-45 GPa) for cardiovascular stent applications. In
addition, their Young’s modulus, also relatively low compared to 316L stainless steel,
will be of benefit in reducing the stress shielding at the tissue-implant interface. As a
result, Mg-based alloys seem to be more suitable for bone implants than for biodegradable
cardiovascular stents, which require a higher Young’s modulus [6].

Table 3: Mechanical properties of different magnesium-based materials investigated for
biodegradable stents [6].

Yield Tensile Elongation

Material Strength | Strength (%)
(MPa) (MPa)
316L stainless steel 260 550 40
Pure Mg: as cast 20 86 13
WEA43 alloy: extruded T5 195 280 2

AMGO60B-F': die cast - 220 6-8
ZW21: extruded 200 270 17
W7Z21: extruded 140 250 20

Recently, new Mg-based alloys have been developed in order to meet the requirements
given in table 2. These newly developed biodegradable alloys, called ZW21 and WZ21,
contain Zn, Y, Ca and Mn as alloying elements. They are manufactured using a technique
based on microalloying, which gives them fine microstructural characteristics. Thanks to
this, they exhibit high ductility and appropriate strength, which makes them suitable for
stent applications [6, 18].

5.1.2 Corrosion mechanism

In an aqueous environment, magnesium generally degrades by reacting electrochemically
with water to produce Mg(OH), and Hy [40]. The most common types of corrosion for
magnesium and its alloys in a simulated physiological solution can be galvanic corrosion,
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pitting corrosion, corrosion fatigue and erosion corrosion. In wvivo, corrosion is much more
complex than in wvitro, because the degradation rate is affected by many factors such as
presence of proteins, pH value changes, presence of amino acids, etc. [51]. However, in
vitro corrosion tests are essential to estimate the degradation process that the material
would undergo in vivo [49].

Body fluid is considered as an aggressive chloride environment in which magnesium de-
grades rapidly. For magnesium implants, it means that the fast degradation can overload
surrounding tissues with the degradation products. This is one of the reason causing
neointima formation and this is thus a risk factor for ISR. Too rapid degradation can
also cause a loss of the mechanical properties integrity before the complete healing of the
cardiovascular wall and therefore, it can highly limit the use of magnesium for cardio-
vascular biodegradable stents [6]. Alloying magnesium with elements such as aluminum,
manganese and rare earth elements can be a solution to decrease its degradation rate [54].
For example, Mg-Y-Zn alloys are assumed to meet the degradation demands [18].

The overall corrosion reaction of all Mg-based alloys has not yet been completely stud-
ied. However, it is reasonable to assume that corrosion of pure Mg can also be applied
to characterize the degradation of Mg-based alloys containing a high concentration of
magnesium. Figure 7 illustrates a biocorrosion model for a Mg-Ca alloy in an aqueous
solution. It allows to understand the corrosion processes at the alloy/aqueous solution in-
terface. In this Mg-Ca alloy system, magnesium is still the component having the highest
concentration. Therefore, to evaluate the degradation process of Mg-Ca alloys or other
Mg-based alloys, the electrochemical mechanism of pure Mg can be used [40, 55] .

SBF

Mg2*

'«—Ca?*

3.
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BB Mg-Caalloy [ ssF [ Mg(OH), [T HA

Figure 7: Schematic diagram of the Mg-based alloy/solution biocorrosion interface: (A)
Galvanic corrosion between Mg and Mgs-Ca phase. (B) Formation of a partially passive
layer on the surface of the Mg-Ca alloy. (C) Adsorption of chloride ions at the interface and
transformation of Mg(OH), into MgCly (D) Hydroxyapatite formation by the comsuption
of Caj and PO}~. (E) Residues falling from the bulk substrate and degradation of the
alloy [55].
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5.1.3 Cytocompatibility

Mg is an important component and is present in large amounts in the human body. It is
present in tissues to serve as a structural component. It is an intercellular cation which
has an essential role in more than 300 cellular biological reactions. Magnesium is also
considered to be a non-carcinogenic element [6]. An adult consumes up to 300-400 mg of
magnesium per day. A very high consumption of magnesium is harmless to the human
body and can be simply eliminated through the urine [51].

During corrosion of magnesium or Mg-based alloys, the anodic reaction (oxidation) is
always coupled with a cathodic reaction associated with water decomposition. Hy gas
is also producted by a direct reduction of H* from H,O. Hy can be harmful if present
in too large quantity. Its threat to biomedical applications depends on the spatial and
temporal resolution of its production. If the production is slow enough, then Hy gas can
be tolerated by the human body. The same goes for the quantity. If the generated H,
can be transported away from the production site so that its accumulation and build-up
remains fairly low, there is no danger [56]. Stents are separated from the bloodstream
by a small diffusion barrier made up of neointima. Therefore, Hy gas can easily join the
bloodstream and no build-up is expected to occur near the stent. [57].

Surface alkalization can also occur due to Mg dissolution. This is an aditionnal concern
that can limit the use of Mg-based alloys for biomedical applications. Indeed, in non-
buffered solutions, Mg dissolution can lead to high values of pH (pH 10-12). Even in
buffered solutions, the degradation of Mg-based alloys is always coupled with an increase in
pH [56]. A very high increase in pH can have dramatic consequences on the functioning of
cells and their performance by decreasing their viability and metabolic activity. However,
permanent blood fluid exchange makes it possible to avoid a build-up of the degradation
products where they originate. Therefore, it is reasonnable to assume that the increase
in pH observed during in vitro experiments will be much smaller in vivo [18].

5.2 Fe-based alloys

5.2.1 Mechanical properties

Iron is an interesting candidate for biodegradable stents in terms of its mechanical proper-
ties [6]. Indeed, mechanical properties of iron are comparable with those associated with
metals for permanent cardiovascular implants. Iron has a high radial strength because
of its high elastic modulus (E = 162-170 GPa). This can be helpful when making stents
with thinner struts. Iron has also a high ductility which can be helpful during the im-
plantation of the stent when it is plastically deformed [6]. Moreover, Peuster et al. have
shown that iron stents can maintain their mechanical properties during an implantation
from 6 to 18 months without any failure. As part of this study, stents were implanted in
the descending aorta of New Zealand white rabbits [58].

Table 4 presents the data of mechanical properties of different iron-based materials for
biodegradable stents. They are compared to the mechanical properties of Armco® iron
which has already been tested during in vivo experiments. The properties of 316L stain-
less steel are also presented as reference.
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Table 4: Mechanical properties of different iron-based materials investigated for
biodegradable stents [6]

Yield Tensile Elongation
Material Strength | Strength (%)
(MPa) (MPa)
316L stainless steel 260 550 40
Armco® Fe: annealed 150 200 40
Fe-35Mn alloy: annealed 230 430 30
Fe-10Mn-1Pd alloy: heat treated 850-950 | 1450-1550 2-8
Electroformed Fe: annealed at 550 °C 270 290 18
Fe alloyed by different elements (Mn, Co, Al,
W, Sn, B, C and S): as cast 100-220 190-360 12-23
Fe-30Mn-6Si alloy: solution treated 180 450 16
Nanocrystalline Fe: ECAP, 8 passes - 250-450 -

5.2.2 Cytocompatibility

Iron is an essential trace element found in nearly all living organisms. It constitutes an es-
sential chemical compound for many enzymes which are involved in various physiological
processes such as oxygen binding, DNA synthesis and redox enzyme activity. Uptake and
intracellular iron accretion are highly regulated processes that are controlled by complex
mechanisms at different levels. However, a too high quantity of iron can be dangerous.
When an iron implant corrodes, the degradation products can overload and affect sur-
rounding tissues. [51]. Among others, Peuster et al., who have implanted iron stents
in descending aorta of New Zealand white rabbits, have analyzed the cytocompatibility.
No significant evidence of an inflammatory response or neointimal proliferation has been
revealed after analysis of the results and organs examination did not demonstrate any
systemic toxicity [58]. An other study, still conducted by Peuster et al. a few years later,
where stents were implanted into the descending aorta of 29 mini-pigs, led to the same
conclusions. Indeed, despite the death of two animals after the stent implantation, the
histopathological analysis of the heart, lung, spleen, liver, kidney and para-aortic lym-
phatic nodes of the remaining 27 mini-pigs showed no signs of iron overload or iron-related
organ toxicity [59].

Those studies are based on pure iron biodegradable stents. Generally, in the case of
Fe-based alloys, the release rate of iron ions and alloy components is not proportional
to their composition in the alloy. The analysis of related-iron effects on the cytocom-
patibility should be done by taking into consideration this non proportional relationship.
Moreover, the effect of ions as single elements may be different from that of these ions in
the mixture; additive or synergistic effects may exist. [60].

However, many in vitro cytotcompatibility studies performed on iron and on Fe-based
materials have been published and have demonstrated no or very low toxicity to different
types of cells. Additionally, several in vivo tests with Fe-based alloys have revealed no
adverse effect on surrounding tissues, organs or the nervous system. Based on those
investigations and studies, iron can be considered as a promising candidate to produce
biodegradable implants [53].
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5.2.3 Corrosion mechanism

In aqueous environment, the corrosion of Fe-based alloys is not coupled with hydrogen
evolution like Mg and Mg-based alloys. The degradation mechanism of Fe in Hank’s so-
lution, a common simulated physiological solution, can be described as follows. When
the surface of Fe is exposed to the solution or is in contact with the solution flow, it is
oxidized and Fe*" is formed. Under the condition of alkaline pH and the oxygen envi-
ronment of the simulated physiological fluid, some of the Fe?* ions are further oxydized
to form Fe*t and Fe(OH); is then produced. It is followed by the hydrolysis of Fe(OH);
and the precipitation of goethite (a-FeO(OH)) due to the presence of chloride ions and
an aerated solution. Magnetite is then formed by the reaction of Fe(OH), with FeO(OH).
The precipitation of calcium and phosphor elements from the solution, and the formation
of hydroxide and oxide at the surface of Fe, are the main reasons for the inhibition of
further corrosion [40].

Therefore, the in vivo degradation rate of a pure iron stent is too low. Hermawan et al.
have calculated the degradation rate of pure Mg and pure Fe using three degradation in
vitro tests. Results (in millimeter per year (mmpy)) can be found in Table 5 and clearly
show that pure Fe has a much slower degradation rate than Mg. In the static immersion
test, the effect of exposure time can be observed. The corrosion rate varies between 48
hours and 168 hours of exposure time. The decrease in corrosion rate of pure Fe is due to
the formation of a protective layer containing calcium and phosphor that prevents further
corrosion [61].

Table 5: Corrosion rate for pure Mg and pure Fe obtained from potentiodynamic polar-
ization and static immersion tests. “after 48 hours; Pafter 168 hours

Corrosion rate (mmpy)
Potentiodynamic polarization | Static immersion
pure Mg 407,90 205.53* | N/A
pure Fe 0,19 0.20¢ 0.23°

A lot of research is currently being carried out in this field with the aim to increase the
corrosion rate of pure Fe by modifying the alloy composition and the microstructure of
the metal [6]. Many articles suggest that an effective solution for increasing the degra-
dation rate is to implement more noble or conductive inert phases in the metal. These
phases then act as cathode phases, and the corrosion of the less noble matrix is improved
6, 19, 53, 62]. Another approach is to modify the microstructure of the metal by selecting
an appropriate processing technique, by choosing a suitable alloying or by modifying the
heat treatment parameters correctly [19].

An in vitro corrosion mechanism for Fe-X binary alloys in simulated physiological solution
can be described as follows. Figure 8 shows the corresponding schematic illustration [63].

1. Initiation : When a binary Fe-X alloy is immersed in a simulated physiological
solution, anodic dissolution of iron occurs and iron(II) hydroxide is formed by the
combination of OH ions and Fe?*. Fe?* can be further oxidized due to the presence
of dissolved oxygen in the solution.
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2. Formation and growth : Passive layer breakdown can occur because of the accumu-
lation of chloride ions at the surface of the metal in contact with the solution. After
passive layer breakdown, a corrosion product layer will cover any pits formed by
the corrosion. There can be significant changes inside the pits because of localized
acidification and accumulation of chloride ions. Due to the formation of a layer
composed of Ca and P elements precipitated from the solution on the surface of
the alloy, the corrosion of iron is self-catalytic. Therefore, the corrosion potential is
reduced as the corrosion progresses.

3. Development after 6 months : After being immersed for 6 months in the simulated
physiological solution, the binary Fe-X alloys ended up in two different situations.
In the first one, the pit became increasingly larger and deeper, while corrosion
on the rest of the surface of the alloy remained inhibited by the presence of the
passive layer. In the second situation, a thick layer composed of corrosion products
had covered the entire surface of the alloy. This layer of corrosion products made
it possible to reduce the impedance, and the anodic dissolution of the iron was
therefore improved.

Initiation Formation and growth Development after 6 months
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Figure 8: Schematic diagrams illustrating both the corrosion mechanism and ideal corro-
sion process of Fe-based biodegradable alloys in Hank’s solution [63].

In theory, localized corrosion is undesirable for potential candidates for biodegradable
cardiovascular stents because it can be a source of local failure. The degradation rate
also becomes uncertain. A solution with a high concentration of chloride ions as well as
crevices are risk factors for localized corrosion. Unfortunately, the blood plasma contains
a high concentration of chloride ions and crevices can form between the deployed stent and
the arterial wall. Localized corrosion can also be caused by a non-uniform distribution of
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stresses along the stent after the deployment of the latter.

To improve the corrosion of binary Fe-based alloys in the blood environment, two different
strategies are possible, as shown in the ideal corrosion process in Figure 8. (i) Mutliple
pits should form on the surface of the metal during the formation and growth stages. The
pits will then enlarge and widden until they join and become connected to form a contin-
uous layer of corrosion products on the surface. This type of corrosion is possible if all the
metals present beneath are in the same corrosion product coverage condition. This ideal
corrosion mechanism can be realized by decreasing the pitting potential or by introducing
a widespread secondary phase intermetallic network. (ii) A unique pit should form and it
should grow in the horizontal direction. In theory, this is very complicated because of the
self-catalytic behaviour of iron corrosion. To address this issue, the corrosion potential
can be increased or localized acidification can be inhibited [63].

Therefore, adequate alloying should be done to enhance the corrosion rate and mechanism.
Both the concentration and the number of alloying elements should be selected carefully
in order to obtain a higher corrosion rate and a uniform degradation [63]. For example,
Liu et al. have proven that the corrosion rate of pure iron decreased when 3 at.% Mn is
added [63]. Whereas according to Hermawan et al., the corrosion rate was found to be
twice as fast as pure iron when 35 at.% Mn is added [61]. Also, according to Schinhammer
et al., the addition of Pd to an Fe-Mn alloy (Fe-10Mn-1Pd (in wt.%)) was reported to
effectively improve the corrosion rate [64].

5.2.4 TWIP alloy

As explained above, the in vivo degradation rate of pure iron is too low. Recently, a lot
of research has been focused on increasing the corrosion rate of iron-based materials by
changing the alloy composition, modifying the material structure design or introducing
corrosion-promoting substances or mechanisms.

At UCLouvain, TWIP has been developed in order to meet the specifications listed in
Table 2 and therefore to increase the corrosion rate while maintaining adapted mechanical
properties of pure iron and a good cytocompatibility. The TWIP alloy is the material
of focus of this thesis and is composed of Fe-Mn-Si-Al. TWIP alloys exhibit twinning
induced plasticity, which gives them very good ductility and strength as a result of their
high strain-hardening capacities. The TWIP wires used in this thesis are manufactered
by Professor Pascal Jacques and their composition can be found in Table 6.

Table 6: TWIP composition

%wt content
Al Cr | Cu Fe | Mn | Ni Si

[TWIP [ 0,92 [ 0,03 0,02 | 74,8 [ 23,1 [ 0,03 | 1,02

5.3 Characterization techniques for stents

As for ISR, histology, computer simulations or microCT and CE-CT techniques can be
used to characterize the state of a stent after its implantation (i.e. in wvivo) or in vitro.
Vorpahl et al. have combined microCT and histology to characterize the natural history
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of stented arteries. First, microCT imaging was performed followed by an histologi-
cal analysis to answer remaining pathoanatomical questions after the microCT analysis.
During microCT, the specimens are kept intact. This allows for subsequent histological
analysis. MicroCT imaging of stented arteries can provide insight into stent-stent interac-
tions (treatment of bifurcations or long lesions can demand multiple and/or overlapping
stents), calcified lesions or the vessel wall. It also provides valuable information regarding
the relationship between stent implantation and stent thrombosis, and enables a detailed
analysis of the various types of stent fracture. This tool provides a significant complement
to histopathological analysis of ex vivo stented arterial segments and allows for a more
complete understanding of the natural history of the stented arterial segment. However,
imaging can only be done ex vivo since microCT can not be used for in vivo human
imaging [24].

In the framework of this master thesis, MicroCT will be optimized for its use to charac-
terize the state of the stent in vitro and, more particularly, its roughness and its corrosion
rate after in vitro degradation. It is hypothesized that these data will allow us to better
predict the structural transformations that the stent would undergo in vivo and therefore
correlate them with a possible risk of ISR.

6 In vitro degradation

Before performing in vivo studies, in vitro tests need to be carried out to investigate the
degradation behaviour of a biodegradable material, which could potentially be used for
stents. Therefore, in vitro test methods can be used to select the materials that are best
suited for further in vivo studies. Early signs of cell compatibility of the alloys also need to
be assessed but since this master thesis focuses on corrosion rate and roughness analysis,
only methods used to characterize the in vitro degradation of stents will be detailed in
what follows [48]. Standards are available to guide scientists to perform degradation tests.
In particular, the ASTM F2129 [65] and ASTM G59 [66] can be useful since they describe
methods for preparing test specimens and conducting potentiodynamic polarization tests.
The ASTM G31 [67] is well suited for laboratory immersion corrosion tests [61].

6.1 Simulated physiological solution

To try to better understand the in vivo corrosion data via in vitro tests, one of the most
essential factors is to use a suitable simulated physiological solution. Various solution
systems have been used to mimic the body fluid. The main solutions include: 0.9%
NaCl aqueous solution, simulated body fluid (SBF), Hank’s solution, phosphate buffered
saline (PBS), Dulbecco/Vogt modified Eagle’s minimal essential medium (DMEM)... The
detailed inorganic compositions of several common simulated physiological solutions are
compared to human blood plasma inorganic composition in Table 7.

Materials show different degradation behaviors in different solutions. Both inorganic ions
and organic components have an important influence on the corrosion process of metal
alloys, so composition of the solution must be chosen cautiously. A buffer electrolyte
solution containing similar components than human blood plasma should be used to
conduct in vitro degradation tests [40].
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6.2 Immersion tests

Table 7: Inorganic composition of common simulated physiological solutions compared
with human blood plasma.

Chemical composition Human blood SBF Hanlf’s DMEM | PBS
plasma solution

Na™ 142 142 141,6 155,3 137
K™ 5 5 5,4 5,3 2,7
Mg?*+ 1,5 1,6-2,5 1,3-2,5 1,8 -
Ca’t 2,5 1-1,5 0,75-0,87 | 0,8 -

Cl- 103 103-148,8 | 144-147 | 115,7 -
HCOz 27 4,2-27 4,2 44,1 -
HPO, 1 1 0,3 0,9 10
SO;~ 0,5 0,5 0,26-0,8 | 0,8 -

6.2 Immersion tests

Immersion tests are common methods to assess the corrosion properties of biodegradable
metallic materials. Tested materials are corroded in a testing solution. The corrosion
products can be analyzed by a series of methods. The test cell should be tightly closed
to avoid evaporation and, be maintained at 37°C for the desired duration.

Tests are divided into static and dynamic immersion tests. In static immersion tests,
the samples are immersed in a static solution, whereas in dynamic immersion tests, the
samples are exposed to the solution flow. Most reports use static immersion tests to eval-
uate the corrosion properties and behavior of metallic materials. However, some results
reveal that data of these type of in vitro corrosion are not able to predict in vivo corrosion.
Therefore, a series of dynamic immersion tests have been created to better simulate the in
vivo environment [40]. According to Hermawan et al., the conditions in human coronary
arteries (where blood with viscosity of 3,0-4,0 mPa*s and density of 1,06 g/cm?® flows at
the average speed of 7,2-25 cm/s and introduces wall shear stress of 0,33-1,24 Pa) were
almost successfully met with the test-bench shown in Figure 9 and created by Levesque
et al. [61, 68]. The simulated physiological solution was flowing in a closed-loop system
creating a laminar flow inside the test chamber sweeping the samples surface [61].

In this master thesis, a dynamic immersion test will be used to analyse the in wvitro
degradation.
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Figure 9: Dynamic immersion test [61]
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6.3 Electrochemical tests

6.3 Electrochemical tests

Electrochemical tests are convenient, easy and fast methods to evaluate the corrosion
properties of a metal by testing the open circuit potential (OCP), the polarization curves
or the electrochemical impedance spectroscopy (EIS) via a three-electrode system [40]. A
potentiostatic circuit (Figure 10) is composed of [69] :

— a polarization cell,

— a working electrode (WE), which is the corrosion sample (i.e., the material under
evaluation),

— a counter electrode (CE), which is ideally made of a material that will support elec-
trochemical oxidation or reduction reactions with reactants in the electrolyte, but
will not be correded and contaminate the electrolyte solution with its degradation
products,

— a reference electrode (RE), which maintains a constant potential. The potential of
the WE is measured relative to this potential with an electrometer.

— a potentiostat, which maintains the difference between the potential of the WE and
the potential of the RE constant, even though the external circuit current, i.,, may
change by several orders of magnitude.

When the potentiostat is disconnected from the corrosion sample (WE), the open-circuit
condition is met, the WE is freely corroding and the OCP can be measured. A computer
can display a polarization curve where the current density is plotted against the electrode
potential. Polarization curves are valuable in quantifying the behaviors of metals under
various conditions. EIS is introduced as an alternating current (AC) technique. It has
been used in corrosion research to estimate the corrosion rates and to study the passivation
of metals [70]. In this study, however, we did not have the availability of this type of
measurement.

1\

! r Counter electrode
ﬂ/ Electrolyte solution

Reference electrode

Target metal
(working electrode)

Figure 10: Electrochemical test. Adapted from [71].

6.4 Evaluation of the corrosion rate

6.4.1 Mass loss

Mass loss is a method for assessing the corrosion rate by measuring the mass change of
samples before and after immersion. The sample is soaked in the electrolyte solution
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6.4 Evaluation of the corrosion rate

for a period of time. The sample is then removed and the change in mass is evaluated.
The corrosion rate can be calculated based on the mass loss of samples according to the
following equation [19, 61] :

CR=8,76% 10" % ——— 1

O P (1)
Where CR (corrosion rate) is in mm per year (mmpy), W is the mass loss (g), A is the
area of the sample exposed to the electrolyte solution (cm?), t is the time of exposure (h)

and p is the material density (g/cm3).

6.4.2 Hydrogen evolution

Hydrogen evolution can only evaluate the corrosion rate of metals which can produce
gas when immersed in simulated physiological solutions, such as Mg-based alloys. The
principle is based on the corrosion reaction of magnesium. The dissolution of 1 mol of
Mg generates 1 mol of Hy. From the ideal gas law and the volume of Hy, the mass loss
of Mg can be calculated (1 mL of Hy = 0.001083 g of Mg) and subsituted in Equation
1. Therefore, the measurement of Hy is equivalent to the measurement of mass loss of
Mg. Different from the mass loss method, hydrogen evolution evaluation is a real-time
dynamic observation of the corrosion process. So, the change trend of corrosion rate can
easily be tracked by measuring the hydrogene concentration multiple times during the
experiment [40, 72].

6.4.3 Electrochemical corrosion current

Other methods to determine the corrosion rate in vitro are gravimetric and electrochemical
measurements. The corrosion rate can be calculated by using the following equation [61]

CR = 3,27 % 10% % icop, * EW (2)
P

Where CR is in mm per year (mmpy), p is the density (g/cm?), i.. is the corrosion
current density (gA/cm?) and EW is the equivalent weight (g/eq).

6.4.4 Released ion concentration

The released ion concentration in the immersion solution is another way to evaluate
the corrosion rate of metals. The immersion solution is digested by adding acid, and
inductively coupled plasma-atomic emission spectrometer (ICP-MS) is used to calculate
the ions concentration in the solution. The equation to compute the corrosion rate is then

given as follows [40]:
cV
CR=— 3
o (3)
Where CR is in g/(m? - day), c is the ion release concentration (g/mL), V is the volume
of the immersion solution (mL), S is the original surface area exposed to corrosive media

(m?), and t is the exposure time (days).
To evaluate the degradation in this master thesis, both the released ion concentration and

the mass loss methods were used. All of the methods described above are indirect method.
MicroCT could provide a direct measure of the degradation rate as well as insight into
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6.4 Evaluation of the corrosion rate

the change in roughness over time, two parameters that have been investigated in this
master thesis.
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Part II1
Problem statement, aims and
objectives

Fe-based alloys seem to be promising candidates for intravascular biodegradable stent
applications. They enable appropriate values of mechanical properties and many in vitro
and in vivo citotoxicity studies have shown no or very limited toxicity to different types of
cells and no adverse effect on adjacent tissues, organs or the nervous system. However, a
controlled degradation process seems to be difficult to obtain. Yet, a controlled degrada-
tion rate is essential during the arterial vessel remodelling process to allow for a complete
healing of the latter. Also, the roughness is known to have an important influence on the
stent performance. A smooth surface could reduce thrombogenicity and neointimal pro-
liferation while a rough surface could accelerate stent endothelialization and increase the
capacity of anti-restenotic drug storage. However, surface analysis is rarely analysed in
the literature and effects of roughness are sometimes neglected. Moreover, for the analysis
of the degradation rate and roughness, a detailed characterization of the stent is required.
This is what is driving the research done in this master thesis.

Studying in wvitro degradation and roughness of candidate materials for biodegradable
stent application and gathering a 3D reconstruction of the samples before and after im-
mersion thanks to microCT is something that has not been done yet. Generating a 3D
set of images with microCT is, therefore, a new way of studying degradation rate and
roughness. It is also useful to screen and select candidate materials for intravascular
biodegradable stent technology. Therefore, one of the main objectives of this work is to
assess and optimize microCT for the characterization of the degradation rate and the
roughness evolution over time. For this purpose, the roughness and degradation rate of
wires made of TWIP and pure iron will be analysed during in vitro dynamic immersion
tests.

This work will be divided in two main parts. Firstly, the degradation rate will be analysed
using microCT and will be compared to mass loss measurements. It will also be evaluated
based on the in vitro released degradation products, again in combination with the mass
loss method. Secondly, roughness of the wires at different immersion times will be anal-
ysed. In order to set-up a robust characterization protocol for roughness measurements of
stents, this will be done using different microCT-based methods, and then methods will
be compared.

Off note : due to the strict Coronavirus measures, the objectives of this master thesis
have been modified compared to those initially planned. I was on Erasmus in the first
half of the year. I was supposed to follow the safety seminar in the second semester to
get access to the laboratories and was planning to start my experimental work during the
week of the 16th of March. But due to the lockdown, I was no longer allowed to work in
the lab, and, in agreement with my promoter and daily contact, it was decided to cancel
all the experimental work. It would have focussed on ICP-MS and comparing the in vitro
and in vivo behaviors of both materials using microCT. I had also planned to study the
interaction between stent and tissue.
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Part IV
In vitro degradation

1 Materials and methods

The experiment described in this section have been conducted by Léa Paulus in her thesis
(2018-2019) and by my daily supervisor, PhD student Lisa Leyssens. Information on the
procedure has been collected from Léa’s thesis [73]. I only processed the gathered data,
which was not performed previously. The main procedure steps can be found in Table 8.
Each step are then detailed in the rest of this section.

Table 8: Main procedure steps of the experiment.

Steps

Wires production
Scanning of all wires with microCT

Immersion tests

Scanning of all wires using microCT after immersion
Measurement of the degradation rate and surface

roughness by comparing scans before ad after immersion
Measurement of the degradation rate through ICP-MS results
6 | and comparison with degradation rate results found

using microCT scans

Ot || W=

1.1 Sample production

The production of tubular stents is expensive. This is the reason why wires instead of
tubes have been used. Compared to tubes, wires are relatively easy and cheap to produce.
Due to the similarities of the drawing process, both wires and tubes made of the same
material presumably show reasonably comparable properties [74]. The wires have been
made of TWIP (Fe-Mn-Al-Si) and pure iron. Dimensions of the wires are given in Figure
11.

0,25 mm 0,25 mm

(a) Cylindral pure iron wire dimensions. (b) Rectangular TWIP wire dimensions.

Figure 11: Samples dimensions.

1.2 Sample preparation

Before immersion, pure iron and TWIP wires were weighted using a balance with a ug
precision. Then, wires were cleaned with oxygenated water and washed with ethyl alcohol.
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1.3 Immersion test

Finally, they were dried with an absorbing tissue.

1.3 Immersion test

The immersion test set-up can be seen on Figure 12. Before filling the falcon tubes with
SBF, the temperature and the pH of the electrolyte solution were measured. Then, 15
mL of a solution composed of SBF and HEPES (a common buffer for SBF) was poured
into the falcon tubes and one wire of TWIP or pure iron was added to each tube. One
sample tube was kept empty to serve as a control sample. Samples were then harvested
at different immersion times.

4 N
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Figure 12: Dynamic immersion test [73].

Simultaneously, the test tubes were placed on a rotating plate, which was inserted in a
preheated stove at 37°C . During the dynamic immersion test, a rotational speed of 20
rpm and an oven temperature of 37°C were maintained. This up and down movement
of the wires, induced by the dynamic immersion test, was chosen to virtually mimic the
blood flow and conditions in human arteries.

The different time points have been determined with a particular attention. It was im-
portant to have a good overview of the entire degradation process. Indeed, ideally, degra-
dation should begin at a very slow rate to keep optimal mechanical integrity of the stent
during the arterial vessel remodelling process. Then, as the mechanical integrity decreases,
the degradation should progress at a sufficient rate without causing an intolerable accu-
mulation of degradation products around the implantation site. This is why, an early
time point after 5 hours of immersion and a late time point after 7 days of immersion
were chosen. To characterize the evolution of the degradation rate, a third time point was
set after 24 hours of immersion. These time points were also chosen in accordance with
the literature.

After each time point, test tubes were removed from the rotating plate. Then, the solution
was decanted and its pH was measured. Samples were then washed following the same
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1.4 In vitro degradation products analysis

procedure described above.

Samples were scanned using microCT prior to and after the immersion. Therefore, par-
ticular attention was needed to remember the direction of the wire to ensure that both
scans would be done properly.

1.4 In vitro degradation products analysis

The in vitro degradation products in the electrolyte solution were analysed to evaluate
the degradation rate with ICP-MS. This type of mass spectrometry uses an inductively
coupled plasma (ICP) to ionize the sample. It atomizes the sample and creates atomic
and small polyatomic ions, which are then detected. It is known and used for its ability
to detect metals and several non-metals in liquid samples at very low concentration rates.
Those are then used to calculate the mass loss (Equation 1) considering the composition
of the sample.

For the ICP-MS results, iron ions were used to evaluate the degradation rate for pure
iron wire samples. For TWIP samples, only iron and manganese ions concentrations were
used since no concentrations of aluminium and silicon ions were detected in the solution.

1.5 MicroCT

MicroCT datasets were gathered from the three different time points for pure iron. For
the TWIP samples, due to time and technical limitations, only five samples were pro-
duced. Therefore, only data after 5 hours of immersion was obtained.

The MicroCT scanning was done using the Phoenix nanotom M. The optimal resolution
is based on a tradeoff between field of view, spatial resolution and file size. For example,
to acquire an image of a specimen with a large region of interest (long wire), the spec-
imen must be positioned further away from the X-ray source, which results in a lower
magnification and spatial resolution. Alternatively, smaller regions of interest (ROI) can
be scanned by positioning the sample closer to the X-ray source and this, in turn, results
in increased magnification and higher resolution [24]. Hence, in order to increase the
resolution of the scans, necessary for the roughness measurements, it was assumed that
the degradation rate was homogeneous and therefore, the samples were only scanned on
a length of 2394 pum and at a resolution of 1 ym. The homogeneity of the degradation
rate and also the roughness has been assessed by using different analysis methods, which
evaluate the degradation rate on different lengths and by doing roughness measurements
on smaller and larger ROIs. To scan the same part of the sample prior to and after the
immersion, scans were made in the middle of the wires.

1.5.1 Degradation rate

For image processing and analysis, the software CTAn was used [75]. After importing the
microCT reconstructed images of each sample in the software, an automatic threshold
(Otsu method) was applied to obtain a binary image and a 3D morphological analysis
was performed for each sample.
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1.5 MicroCT

Volumes before and after immersion were computed on two different set of images. First,
they were calculated on the complete dataset and therefore on 2394 images. Second, they
were assessed using only 1000 images located at the center of the sample. Then, the mass
loss (Equation 1) was calculated and the degradation rate of each sample was determined
either after 5 hours, 24 hours or 7 days of immersion.

1.5.2 Roughness

The roughness of each sample was computed using the microCT-based surface roughness
measurement protocol from Kerckhofs et al. [39]. After successfully acquiring a scan, the
dataset is reconstructed. The reconstructed images can be loaded in DataViewer (Bruker)
to view a 3D representation of the sample as well as each 2D cross-section in the sagittal,
coronal and tranverse planes [75]. The roughness parameters can then be computed using
the profile lines of the binarized 2D cross-sectional microCT images (Figure 13). These
profile lines were extracted using a developed Matlab routine. The following surface
roughness parameters were estimated in correspondence with ISO 4287-1997 [76] :

— The arithmetic mean absolute deviation of the roughness profile :

1
Ry ==yl (4)
=1

n-:

— The root mean square deviation of the roughness profile from the mean line :

Ry = |~ Z Y (5)
iz
— The total height of the roughness profile :
R, =R, - R, (6)

Where n is the number of data points in the X-direction, y is the surface height relative
to the mean plane, R, is the maximum profile peak height and R, is the maximum profile
valley depth.

(B)

Figure 13: MicroCT-based surface roughness measurement with the profile lines of 2D
cross-sectional microCT images. (A) A typical high resolution (voxel size = 1.5 um) 2D
microCT cross-sectional image. (B) A binarized image of (A) with the corresponding
profile lines. Scale bars = 200 pm [39].

In total, 8 images were collected per wire, thus, allowing for 16 measurements of the
roughness since the latter was evaluated on both sides of the image. Indeed, two profile
lines (red lines) were extracted from each 2D cross sectional image (Figure 14a).
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1.5 MicroCT

For the moment, there is no tool able to calculate the roughness in 3D. However, the
roughness is heterogeneous so a 3D analysis is needed and only one 2D measurement is
not enough. Due to this limitation, it was expected that choosing 16 profile lines all
around the sample could allow us to have a good overview of the roughness in 3D. To
analyse the homogeneity of the roughness around the samples, and the influence of the
number of profiles lines, analysis of the roughness was also done with 8 profile lines.
(Figure 14b)

oL | 1M M ) ¥

(a) Roughness evaluation using 16 profile lines (b) Roughness evaluation using 8 profile lines

Figure 14: Profile lines for a cylindrical sample.

Depending on the arithmetic mean absolute deviation of the roughness profile, evaluation
lengths required for correct analysis can be found in Table 9, from the [SO4288:1996 [77].
If R, is superior to 0,1 um, which was the expectation, the roughness evaluation length
(I,) should be 4 mm. However, for the samples investigated, the average profile length
available for measurement was only about 2,394 mm. Therefore, the long measurements
were made along the entire length of the wire. Short measurements were also made on the
upper third of the wire and therefore on a length of 0,798 mm to analyse the homogeneity
of the roughness and the influence of the waviness. Indeed, the waviness of the roughness
profile is not taken into account with the evaluation length. The roughness sampling
length (1) is defined as the cut-off length (A.) of the filter used to separate roughness
from waviness. Therefore, it corresponds to the distance required in order to include
small enough irregularities for a relevant roughness evaluation, excluding non-relevant
long wavelength components. Usually, five measurements of length [, are made along the
evaluation length [76].

Table 9: Roughness sampling lengths for the measurement of R,

R, (um) Roughness sampling | Roughness evaluation | Cut-off, ).
“ length, Ir (mm) length, In (mm) (mm)

(0,006) <R, < 0,02 0,08 0,4 0,08

0,02 <R, <0,1 0,25 1,25 0,25

0,1 <R, <2 0,8 4 0,8

2 <R, <10 2,5 12,5 2,5

10 <R, <80 8 40 8
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1.5 MicroCT

The roughness was measured using two different Matlab routines. The first Matlab rou-
tine (named code 1 in the rest of the text) is a 2D analyser, which can only deal with
straight surfaces (waviness of the surface is not taken into account). One linear baseline
is displayed (green line) and is supposed to follow the profile line of the 2D cross-sectional
image (red line). Therefore, it is not possible for the baseline to follow the curvature of
the wire. The roughness is then evaluated by computing the distance between the green
line and the red line (Figure 15a). If the wire is not completely straight, a big error can
happen. That is why a second Matlab routine was used (named code 2 in the rest the
text). Points along the wire can be chosen (Figure 15b). A linear baseline is then created
between each point and again, the distance between the red line and each baseline is
computed. Eight different points along the surface were used. Therefore, according to
ISO standards, waviness should be taken into account since each measurement is made
on a distance eight times smaller than the initial evaluation length [,,. However, waviness
of a sample may vary and a linear baseline will never be completely able to take it into
account. To overcome this limitation, a third Matlab routine, allowing for the replace-
ment of the linear baseline between each point by a polygonal baselines, is also available.
With this tool, the waviness can fully be taken into account. Unfortunately, due to the
lockdown, the tool was not accessible.

(a) 2D roughness computation using a single lin-(b) 2D roughness computation using multiple
ear baseline (code 1). linear baselines (code 2).

Figure 15: 2D roughness computation.

To conclude, the following topics will be covered and analysed : the influence of the
number of profile lines, the homogeneity of the roughness, the comparison between both
Matlab routines and their limitations, the variation of the roughness over time, the com-
parison of the roughness of TWIP with pure Fe and the influence of the initial roughness
on the degradation rate. Reasons that motivate the choice of these topics can be found
in Table 10.
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1.6 Statistical analysis

Table 10: Topics covered and analysed in this master thesis as well as the motivations

behind them.

Topics

Motivations

Influence of the number of profile
lines (16 versus 8)

- Analysis of the homogeneity of the roughness
around the sample.
- Detection and consideration of outliers.

Homogeneity of the roughness
(smaller versus larger ROISs)

- Analysis of the homogeneity of the roughness
along the sample.

- Analysis of the influence of the waviness and

the incapacity of code 1 to take it into account.

Comparison between both Matlab
routines and their limitations

- Selection of the best Matlab routine for
roughness analysis.

Variation of the roughness
over time

- Evolution of the roughness over time knowing
that the latter has a significant influence on ISR.
- Selection of the best candidate materials

for biodegradable stent applications.

Comparison of the roughness of
TWIP with pure Fe

- Influence of the manufacturing process on the
roughness.

-Difference in the evolution of the roughness
between both materials.

- Selection of the best candidate materials

for biodegradable stent applications.

Influence of the initial roughness
on the degradation rate

- Verification that the degradation has correctly
been increased by alloying and not by the initial
roughness.

1.6 Statistical analysis

A statistical analysis was then performed on the data. First, outliers were removed using
the Dixon test available on the AnaStats website [78]. Then the normality test of Shapiro
& Wilk, also available on the AnaStats website, was done [79]. Finally, to compare the
average roughness parameters between :

— 16 and 8 profiles lines,
— small and large ROIs,

— code 1 and code 2,

the different time points,
— pure Fe and TWIP,

Student t-tests were conducted using GraphPad [80]. For all results, p-values were deter-
mined and considered not significant if larger than 0,05.

34



2 Results and discussion

2.1 Degradation rate
2.1.1 ICP-MS

After the in vitro degradation test, the electrolyte solution of each tube was collected and
analysed using the ICP-MS method. For pure Fe samples, concentration of the iron ions
in the electrolyte solution can be used to determine the quantity of iron that has been
removed from the sample due to the corrosion process. The mass loss method (Equation
1) can then be used to calculate the degradation rate. The degradation rate of each
sample are listed in Table 11.

Table 11: Degradation rate computed from the in vitro degradation products and using
the mass lost method for pure iron samples.

Immersion | Fe content | Mass loss | Degradation

Samples | “yime (h) | (mg/1) (ug) | rate (mmpy)
Fe 1 168 20 300 0,125912185
Fe 2 168 16,9 253,5 0,106395797
Fe 3 168 15,5 232,5 0,097581944
Fe 4 168 32,2 483 0,202718619
Fe 5 168 39,2 H&K 0,246787884
Fe 6 924 0,54 81 0,023797403
Fe 7 24 0,52 7,8 0,022916018
Fe 8 24 0,56 8,4 0,024678788
Fe 9 24 0,97 14,55 0,042747187
Fe 10 24 0,6 9 0,026441559
Fe 11 5 0,11 1,65 0,023268572
Fe 12 5} 0,09 1,35 0,019037922
Fe 13 5 0,12 1,8 0,025383897
Fe 14 5 0,18 2,7 0,038075845
Fe 15 5 0,1 1,5 0,021153247

The same method was used to evaluate the corrosion rate from the in vitro degradation
products for the TWIP samples. To calculate the mass loss, both iron and manganese
ions concentrations were used. Data can be found in Table 12. However, only 5 samples
were available and consequently, the corrosion rate was only calculated after 5 hours.

Table 12: Degradation rate computed from the in vitro degradation products ans using
the mass lost method for TWIP samples.

Samples Immersion | Fe content | Mn content | Mass loss | Degradation
time (h) | (mg/l) | (mg/l) (ug) | rate (mmpy)
TWIP 1 |5 2,81 0,94 26,25 0,611136891
TWIP 2 |5 3,9 1,22 76,8 0,836259804
TWIP 3 |5 0,79 0,47 18,9 0,212894805
TWIP 4 |5 4.7 1,45 92,25 1,075417609
TWIP 5 |5 1,52 0,6 31,8 0,370713062
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2.1 Degradation rate

In Figure 16, means and standard deviations for each immersion time and for both ma-
terials are plotted. The effect of exposure time can be clearly observed for the pure Fe
samples but not for the TWIP samples since their number was limited. For iron sam-
ples, no significant difference was observed between 5 and 24 hours (p-value = 0,4206).
However, between 24 and 168 hours, a significant acceleration (p-value = 0,0079) in the
degradation rate can be seen. This is desirable for a candidate material for biodegradable
stent application.
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Figure 16: Degradation rate for TWIP and pure Fe samples using ICP-MS (n=5 per
condition).

The degradation rate of TWIP is also significantly higher than the one of pure iron
after 5 hours (p-value = 0,0046). This means that the corrosion rate has been signifi-
cantly improved. However, this is not specifically due to the composition of the alloy.
The two samples have different shapes, which can have an impact on the degradation
rate. According to Milheiro et al., who have compared the different degradation rates
of palladium-based alloys using ICP-MS, the shape of the specimens can considerably
influence the metal ions release [81]. This could also be the case between TWIP and pure
iron and more research should be done to confirm this assumption. Also, roughness can
have a significant impact on the rate of degradation. Hilbert et al. have proven that the
corrosion resistance can be improved by smoothing the surface of a material [82].

Unfortunately due to the limited sample availability, no conclusion can be drawn about
the acceleration of the corrosion rate of TWIP over time. A protective layer may form
and prevent further corrosion. It was the case in a study carried out by Hermawan et al.
where the corrosion of pure iron, pure magnesium and alloys with different composition
was analyzed using 3 different test setups. Fe-35Mn, a Fe-based alloy containing 35
at.% Mn, showed a decreased corrosion rate due to the precipitation of a protective layer
containing calcium and phosphor that inhibited further corrosion. The same precipitation
was also found on iron, but it did not inhibit the corrosion reaction so well, as it did not
form a continuous layer [61]. This observation is based on a static immersion test filled
with Hank’s solution so, the setup was not the same as the one used in the experiment
for this master thesis. Since the in vitro degradation products give no information on the
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2.1 Degradation rate

composition of the samples surface, no conclusion can be drawned about the formation
or not of a protective layer preventing further corrosion. However, before selecting TWIP
as a potential candidate for biodegradable stent applications, further studies should be
carried out to better understand the corrosion and its behaviour over time.

2.1.2 MicroCT-based degradation rate

MicroCT imaging allowed to visually observe wether a material has undergone corrosion
during its immersion. On Figure 17, the corrosion is quite visible, both for pure Fe and
TWIP, even after 5 hours of immersion. However, CTVox (Bruker) does not allow for
doing any quantitative analysis [75].

(b) Pure Fe (sample 15) after 5 hours of immer-

(a) Pure Fe (sample 15) before immersion. ~ Sion.

(d) Pure Fe (sample 8) after 24 hours of immer-

(c) Pure Fe (sample 8) before immersion. .
sion.

(e) Pure Fe (sample 1) before immersion.  (f) Pure Fe (sample 1) after 7 days of immersion.

(g) TWIP (sample 2) before immersion. (h) TWIP (sample 2) after 5 hours of immersion.

Figure 17: Visual degradations of Pure Fe and TWIP samples using CTVox and after
different times of immersion.
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2.1 Degradation rate

A quantitative analysis can be done by measuring the volume of each sample prior to and
after immersion. This was done to evaluate the corrosion rate. By knowing the density
of the material and the volume difference before and after immersion, the mass loss can
be calculated. Degradation rates were evaluated using this method and data is listed in

Table 13.

Table 13: MicroCT-based degradation rate measured using the mass lost method for pure
Fe samples (2394 images); n=5 per condition.

. Initial Final Degradation
Immersion Mass loss

Samples time (h) volume | volume (1g) rate

(mm?) | (mm?) | V& (mmpy)
Fe 1 168 0,12506 | 0,10748 | 138,179 0,487528117
Fe 2 168 0,12658 | 0,10367 | 180,073 0,635339543
Fe 3 168 0,12638 | 0,11242 | 109,726 0,387138368
Fe 4 168 0,12761 | 0,12611 | 11,79 0,041597962
Fe 5 168 0,12843 | 0,11766 | 84,6522 0,298673369
Fe 6 24 0,12745 | 0,12911 | -13,0476 -
Fe 7 24 0,12703 | 0,12987 | -22,3224 -
Fe 8 24 0,12659 | 0,12745 | -6,7596 -
Fe 9 24 0,12618 | 0,13085 | -36,7062 -
Fe 10 24 0,12778 | 0,12898 | -9,432 -
Fe 11 5 0,12604 | 0,12812 | -16,3488 -
Fe 12 5 0,12612 | 0,12756 | -10,7682 -
Fe 13 5 0,12642 | 0,12501 | 11,0826 1,313830038
Fe 14 5 0,12618 | 0,12971 | -27,7458 -
Fe 15 5 0,12677 | 0,12882 | -16,113 -

Many mass losses are negative, which means that the volume after immersion is greater
than the one before immersion. This could be due to some aliasing effect (Figure 18)
on top and at the bottom of the wires. To verify this assumption, only the 1000 central
images were considered and the degradation rate was calculated based on them (Table
14).

(a) First bottom image of a pure Fe wire. (b) Binary image.

Figure 18: Aliasing effect
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Table 14: MicroCT based degradation rate measured using the mass lost method for pure
Fe samples (1000 images); n=>5 per condition.

) Initial Final Degradation
Immersion Mass loss

Samples time (h) volume | volume (1g) rate

(mm?) | (mm?) HE (mmpy)
Fe 1 168 0,05228 | 0,04148 | 84,888 0,716299456
Fe 2 168 0,05282 | 0,04201 | 84,966 0,716962696
Fe 3 168 0,05287 | 0,04492 | 62,487 0,527275988
Fe 4 168 0,05331 | 0,05352 | -1,6506 -
Fe 5 168 0,05374 | 0,0505 25,4664 0,214889837
Fe 6 24 0,05323 | 0,05388 | -5,109 -
Fe 7 24 0,05313 | 0,05429 | -9,1176 -
Fe 8 24 0,05292 | 0,05289 | 0,2358 0,013928045
Fe 9 24 0,0527 0,05483 | -16,7418 -
Fe 10 24 0,05342 | 0,05383 | -3,2226 -
Fe 11 5 0,05265 | 0,05359 | -7,3884 -
Fe 12 5 0,05273 | 0,05332 | -4,6374 -
Fe 13 5 0,05286 | 0,05223 | 4,9518 1,403946933
Fe 14 5 0,05273 | 0,05463 | -14,934 -
Fe 15 5 0,05297 | 0,05385 | -6,9168 -

Again, several mass losses are negative, which means that there are other reasons for the
increase in the volume of the wires after their immersion. Three additional assumptions
can be made :

1. Only the central 2394 pm of the wires were scanned by MicroCT. It is possible that,
during the immersion, wires were curved due to the corrosion process. If it is the
case, then the volume after immersion can become greater than the volume before
immersion. On Figure 19, one can guess that the pure Fe wire is a little bit more
curved after immersion than before it.

(a) Before immersion (V1). (b) After immersion (V2).

Figure 19: Schematic representaiton of the curvature of a cylindrical sample before and
after immersion; V1<V2.

2. An other reason for the increase in the volume may be the formation of a protec-
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tive layer on the surface of the sample. The same assumption was made for results
obtained with ICP-MS. This protective layer can, on the one hand, increase the vol-
ume of the samples and, on the other, inhibit further corrosion. Both will contribute
to a decreased mass loss of the samples. Analysis of the scans has allowed us to
observe the possible presence of a protective layer (brighter regions on Figure 20).
To verify that this assumption is correct, more research on the corrosion mechanism
and analysis of the samples surface composition should be done.

Figure 20: Presence of a protective layer on a pure Fe sample (sample 8) after 24 hours
of immersion.

3. The results of ICP-MS show that the change in mass loss compared to the total
mass of the samples (about 8 mg) is extremely small, i.e. just a few micrograms.
The spatial resolution of the images is maybe just not high enough and the software
is not able to detect such small differences. If we do a quick calculation :

1 voxel = 1 pm3

The smallest mass loss calculated from ICP-MS data was about 1,3 ug, which cor-
responds to the volume of 0,000165 mm? or 165 000 voxels. For microCT, the mass
loss was computed on a much smaller region (about 8 time smaller). Therefore,
the difference in volume is expected to be very small (about 168 000 divided by 8
or 21 000 voxels). A scanned wire is composed of about 5x107 voxels. Hence, the
change in weight (and volume) is so small, that the resolution of the CT might not
be sufficient to capture this difference.

Finally, when comparing the microCT-based degradation rates obtained after 168 hours
of immersion between 2394 and 1000 images, no significant difference is observed (p-value
= 0,2581). This suggests that the central part of the wire has not undergone higher
corrosion than its ends. Therefore, the corrosion uniformity assumption that was made
to decrease the size of the scanned sample can be confirmed with more certainty. No
comparison could be done after 5 and 24 hours because of the negative values.

The same procedure was used to analyse the degradation rate of TWIP samples. Results
are listed in Table 15.
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Table 15: MicroCT-based degradation rate computed using the mass loss method for

TWIP samples (2394 images); n=>5 per condition.

. Initial Final Degradation
Immersion Mass loss

Samples time (h) volume volurpe (2) rate

(mm?) | (mm?) (mmpy)
TWIP 1 |5 0,12249 | 0,12197 | 3,88321 0,42189732
TWIP 2 |5 0,12141 | 0,12595 | -33,9034 -
TWIP 3 |5 0,11475 | 0,11346 | 9,63335 1,08512661
TWIP 4 |5 0,13395 | 0,13777 | -28,5267 -
TWIP 5 |5 0,11518 | 0,11381 | 10,2308 1,13161006

Again, it was observed that some mass losses were negative. Therefore, only the 1000

central images were considered and results are displayed in Table 16.

Table 16: MicroCT-based degradation rate computed and using the mass loss method for

TWIP samples (1000 images); n=5 per condition.

. Initial Final Degradation
Immersion Mass loss

Samples time (h) volume | volume (g) rate

(mm?) | (mm?) (mmpy)
TWIP1 |5 0,05141 | 0,05111 | 0,00000224031 | 0,525074925
TWIP 2 |5 0,05045 | 0,05202 | -0,0000117243 | -
TWIP 3 |5 0,0483 0,04802 | 0,00000209096 | 0,49006993
TWIP 4 |5 0,0563 0,05792 | -0,0000120977 | -
TWIP 5 |5 0,04853 | 0,04729 | 0,00000925996 | 2,17030969

The removal of some superior and inferior layers did not give better results and some
negative mass losses were still present. To explain those results, the assumptions made
for pure Fe are also valid. A surface analysis of the sample after immersion should be
done to confirm the second one.

Finally, no significant difference (p-value = 0,75) was observed between degradation rates
measured on 2394 and 1000 images. Again, this means that the corrosion is homogeneous
on this part of the wire.

No comparison could be made between the degradation rate of pure Fe and TWIP using
microCT since most of the data is negative for pure Fe after 5 hours.

2.1.3 Correlation ICP-MS versus MicroCT

Depending on the method, measurements have been done on different lengths :
— ICP-MS was done on the total length of the wires, i.e. 2 cm
— MicroCT (2394 images) was done on the total scanned length, i.e. 0,2394 cm

— MicroCT (1000 images) was done on the 1000 central images, i.e. 0,1 cm
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2.1 Degradation rate

Therefore, the correlation between ICP-MS- and microCT-based degradation rate after 7
days was computed to confirm the assumption of homogeneity of the degradation rate for
pure Fe (Figure 21) and TWIP samples (Figure 22b).
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Figure 21: Correlation between ICP-MS- and microCT-based degradation rates for pure
Fe samples. Left : microCT (2394 images); right : microCT (1000 images).
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Figure 22: Correlation between ICP-MS- and microCT-based degradation rates for TWIP
samples. Left : microCT (2394 images); right : microCT (1000 images).

The correlation between ICP-MS- and microCT-based degradation rates is not significant
in both cases and for both materials, which may indicate an heterogeneity in the degra-
dation rate. However, microCT has shown many limitations which have surely impacted
the computation of the mass loss. Therefore, the main reason for this poor correlation is
more likely to be due to the measurement methods themselves than the heterogeneity in
the degradation rate.

2.1.4 General discussion

The degradation rate of pure Fe and TWIP samples was evaluated using two different
techniques. For each of them, the mass loss was measured. ICP-MS has allowed us to
observe the effect of immersion time. There was a difference in corrosion rate between
5, 24 and 168 hours of exposure time. ICP-MS has also enabled the evaluation of the
differences in corrosion rate between pure Fe and TWIP. The degradation rate of TWIP
was significantly higher. However, alloying is maybe not the only reason for this improve-
ment. Shape as well as initial roughness can also have an influence on the degradation
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rate. ICP-MS could not provide any information on this. Moreover, variation of the
degradation rate of TWIP over time could not be assessed since only 5 samples were
available.

MicroCT showed many limitations for the calculation of the degradation rate of pure Fe
and TWIP. Therefore, the results are not really meaningful for the analysis of the degra-
dation rate. However, visualization of the scans has allowed us to observe the presence of
a possible protective layer. To confirm this assumption, more studies should be conducted
to look into the composition of the samples surface.

2.2 Roughness

Roughness is considered to have an important influence on stent performance. Indeed,
while smooth surface stents were previously associated with reduced thrombogenicity and
neointimal proliferation, more recent experimental studies have suggested that stents with
a previously treated rough surface may accelerate endothelialization. The storage capac-
ity of anti-restenotic drugs can also be improved due to the roughness present on the
surface of the stent. Moreover, an accurate evalution of the surface roughness can help
analyse the local mechanical and dynamic properties of fluids, which are known to have
an influence on ISR.

In the case of biodegradable stents, surface roughness is expected to vary during degrada-
tion. Therefore, monitoring roughness parameters during in vitro degradation is useful to
estimate the modifications in surface topography and its consequences that a stent would
undergo in vivo.

In order to set-up a robust characterization protocol for roughness measurements of stents,
we have assessed different analysis protocols.

2.2.1 Influence of the number of profile lines per sample

To see if the number of profile lines could have an influence on the roughness values, com-
parison was made between 16 and 8 measurements per sample. It was expected that this
comparison would help us assess the homogeneity of the roughness around the sample as
well. To see if the difference was significant, non parametric paired student t-tests were
performed and the p-values were calculated for each material after immersion. This was
done on all the data collected with both Matlab routines. "Short" and 'long" stand for
data collected with code 1 for a length of 2394 pym and 798 pm respectively, and "curved"
stands for data collected with code 2 on 2394 pum of length.

No significant differences were found, which may indicate an homogeneous corrosion
around the wires. However, when plotting the individual points for 2 different samples
after 24 hours of immersion, the presence of outliers is clearly visible, which indicates the
presence of pitting corrosion or any other local corrosion (Figure 25).
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Figure 23: Comparison of the number of profile lines (8 and 16) for pure Fe samples.

I

= Ra_long_TWIP_16
== Ra_long_TWIP_8

Roughness (um)
- ~ w

o

Time (h)

(a) R, from long measure-
ments and using code 1.

40 = Rt_long_TWIP_16

B Rt_long_TWIP_8

Roughness (um)
N w
3 8

°

o

Time (h)

(d) Ry from long measure-
ments and using code 1.

©

mm Ra_short_TWIP_16
mm Ra_short_TWIP_8

N

Roughness (um)
-

Time (h)

(b) Ry from short measure-
ments and using code 1.

20 == Rt_short_TWIP_16
== Rt_short_ TWIP_8

Roughness (um)
3

o

Time (h)

(e) Ry from short measure-
ments and using code 1.

»
o

mm Ra_curved_TWIP_16
mm Ra_curved_TWIP_8

Roughness (um)
2 3

o
o

e
o

Time (h)

(c) R, from long measure-
ments and using code 2.

20 = Rt_curved_TWIP_16

== Rt_curved_TWIP_8

Roughness (um)
5 @

o

o

Time (h)

(f) R; from long measure-
ments and using code 2.

Figure 24: Comparison of the number of profile lines (8 and 16) for TWIP samples.
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Figure 25: Analysis of the presence of outliers for R; after 24 hours of immersion for long
measurements and using code 1. Each point corresponds to one measurement.

For sample 10 (Figure 25b), the outliers are still present for 8 measurements but for
sample 7 (Figure 25a), this information is lost when the number of measures is divided by
two thereby reducing the average roughness. However, despite local pitting, and limited
general effect of the corrosion on the surface, similar average roughness and standard
deviations are still obtained as shwon in Figure 23 and 24 . Therefore, in case of outliers
(indicating the presence of pits), they can easily be missed if the number of profile lines
is too low. That is why, the rest of the analysis will be based on values obtained with 16
measurements. However, maybe more measurements are needed to take fully into account
the homogeneities.

2.2.2 Homogeneity of the roughness

To be a potential candidate for biodegradable stents, the investigated material should
degrade uniformly. So far, no tool allows for the analysis the roughness in 3D. Therefore,
multiple 2D analyses of the roughness along and around the sample may help evaluate the
uniformity both of the roughness and degradation. Uniformity of the roughness around
the sample was investigated in section 2.2.1. by evaluating the roughness with different
numbers of profile lines. The assumption of uniformity around the sample could not be
confirmed since the presence of outliers was found on different samples. To further assess
the homogeneity of the roughness along the samples, measurements on smaller and larger
ROIs were done (Figure 29). Small length measurements were done on the upper region
of the samples and their length was equal to 798 um. Large length measurements were
done on the total length of the samples to comply with ISO standards as much as possible
ISO [77]. Means were then compared with non parametric student t-tests.

We found significant differences for all time points, and for both materials. This may
indicate a heterogeneity in the roughness along the samples. However, before making this
assumption, it should be remembered that the code used to make the measurements (code
1) does not take into account the waviness of the samples. Therefore, this increase in the
roughness may also be due to the waviness of the samples, which are seldom perfectly
straight. Samples can be curved (Figure 15) meaning that the distance between the green
line and the red line is higher in the middle of the wires than it is at their ends. Again,

45



2.2 Roughness

30 150
B Ra_long_pureFe il = Rt_long_pureFe
— — EE L]
€ B Ra_short_pureFe € mm Rt_short_pureFe
=2 20- = 100-
[} n
7] 7]
[ Q
g g
g’) 104 ou o *kk g) 50 dkk *kk
[ =]
S EM01 4§
o_
0 5 24 168 0 5 24 168
Time (h) Time (h)
(a) Rq for long and short measurements (b) Ry for long and short measurements
Figure 26: Homogeneity of the roughness for pure Fe samples
47 *kk 40
i Hm Ra_long_TWIP Hm Rt_long_TWIP
o Ra_short_TWIP = il
E 3 mm Ra_short_ E a0- .. ™ Ri_short_TWIP
8 @
n 0
g 27 @ 20+
K= <
(=] [=2]
3 3
© 14 2 10
0- o
0 5 0 5
Time (h) Time (h)
(a) Rq for long and short measurements (b) R; for long and short measurements

Figure 27: Homogeneity of the roughness for TWIP samples.

46



2.2 Roughness

no conclusion can be drawn regarding the homogeneity along the sample because of the
limitations of code 1. Further analysis should be conducted with more adapted codes
such as code 2 or the third one that is able to create polygonal baselines.

2.2.3 Comparison of the Matlab routines

The first Matlab routine (code 1) can only measure roughness on straight surfaces. Dur-
ing degradation and samples handling, the curvature of the wire can vary. Even before
degradation, wires can be curved. This can lead to roughness overestimation. To deal
with curved surfaces, code 1 was adapted and improved. A new code was created (code
2), which has allowed us to select multiple points on the surface analysed (8 in our case).
Between each point, a linear baseline is created allowing us to follow the curvature of the
wire. To compare code 1 and code 2, non parametric students t-tests were performed and
again, p-values were computed.
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Figure 28: Comparison of Matlab routines for Pure Fe samples (left : R,, right : R;). Code
1 = Computation of roughness parameters with one linear baseline; code 2 = Computation
of roughness parameters with multiple linear baselines.
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Figure 29: Comparison of Matlab routines for TWIP samples (right : R, left : R;). Code
1 = Computation of roughness parameters with one linear baseline; code 2 = Computation
of roughness parameters with multiple linear baselines.

For both materials and for every time point, roughness parameters were significantly lower
for code 2 (pvalues < 0,0001). The main explanation for this is the inability of code 1 to
take into account the waviness and the curvature of the wire. As shown in Figure 15, this
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results in roughness overestimation, which highly limits the use of code 1 to estimate the
roughness parameters. Indeed, having a perfectly flat surface is almost impossible. Code 2
seems to be more adapted for roughness evaluation. However, it still has some limitations
as measurements are also based on linear baselines. Waviness is indeed rarely composed
of a unique wavelength but rather of multiple different wavelengths. As a result, linear
baselines would never be able to perfectly take into account the waviness of the profile.

A third code has been created to overcome those limitations where linear baselines are
replaced by polygonal baselines. Further analysis of the roughness should be done using
this code and comparison should be made with the two other codes.

Also, the validity of high-resolution microCT potential for the quantification of the rough-
ness needs to be assessed by comparing results obtained with microCT and standard
profile measuring systems such as optical or contact profilometry. Indeed, Kerckhofs et
al. have shown that for high roughness (micro-scale) surfaces, a microCT-based protocol
could be used with comparable or even better accuracy than standard profile measuring
systems. But for small roughness (submicron-scale), since the spatial image resolution is
equal to 1 pm, the microCT protocol could overestimate the roughness paramters [39]. So,
before drawing any conclusions, more studies should be conducted to evaluate roughness
parameters using microCT as well as standard techniques.

In the rest of this thesis, analysis will only be made using roughness parameters obtained
with code 2, which is considered more relevant.

2.2.4 Variation of the roughness over time

Roughness is expected to vary during degradation. To analyse the magnitude of this
variation, surface roughness was measured after three different periods of immersion : 5
hours, 24 hours and 7 days for pure Fe (Figure 30) and only after 5 hours for TWIP
(Figure 31). Parameters such as R, and R; were evaluated and non parametric student
t-tests were performed. This was done based on data collected with code 2.
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Figure 30: Variation of the roughness with time for pure Fe samples (left = R,; right =
Ry).
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Figure 31: Variation of the roughness with time for TWIP samples (left = R,; right =
Ry).

For pure Fe samples, the difference after 5 hours and 24 hours compared to prior immersion
is not significant for both roughness parameters. It only becomes significantly higher after
7 days of immersion. For TWIP samples, no significant difference was observed after 5
hours compared to prior immersion

2.2.5 Comparison of the roughness of TWIP and pure Fe

Since the roughness of TWIP wires was only assessed after 5 hours of immersion, the
comparison between pure Fe and TWIP was made before immersion and only for this
time point (Figure 32).
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Figure 32: Comparison of TWIP and pure Fe roughness parameters before and after 5
hours of immersion (left = R,; right = R;).

The roughness of TWIP is significantly higher prior to and after 5 hours of immersion
than it is for pure Fe. The higher initial roughness of TWIP is caused by the manufactur-
ing process. Indeed, the pure iron wires were bought commercially while the TWIP wires
were manufactured in-house. The roughness of TWIP is significantly higher because of
the defects that appeared on the surface when the metal were cut to make the wires.

However, the change in roughness for pure Fe and TWIP between before and after 5
hours immersion might be the same. To analyse this, absolute and relative changes for

49



2.2 Roughness

R, and R; were computed (Table 17). After 5 hours of immersion, the relative change
for R, is negative for both materials, meaning a decreased roughness. This decrease is
higher for pure Fe samples. When making 2D measurements, 2D cross-sectional images
are randomly selected on the sample, which means that outliers found prior to immersion
could not be included after immersion anymore. So, this decrease may highlighted the
limitations of 2D measurements and the need for 3D measurements. For R;, the relative
change is a little bit higher for TWIP, meaning that the roughness increases faster for
TWIP. However, this parameter is only representative of the "extremes" values and not
the global roughness. Therefore, this could indicate higher local corrosion for TWIP.

Table 17: Absolute and relative roughness changes for TWIP and pure Fe samples.

Absolute change Relative change
(pm) (%)
t0-t5 | tH-t24 | t24-t168 | t0-td | t5-t24 | t24-t168
Pure Fe R: | 0,0057 | 0,0692 | 2,5403 2,967 | 34,707 | 945,654
R, | -0,9035 | 0,7112 | 31,4446 | -20,941 | 20,85 | 762,77
R: | 0,0612 - - 5,615 - -
TwipP R, | -1,2309 - - -0,129 - -

2.2.6 Influence of the roughness on the degradation rate

TWIP samples have shown faster degradation than that of pure Fe samples. According to
the literature, initial roughness can have a significant impact on the degradation rate [82].
To verify this assumption, correlation between initial roughness and degradation rate cal-
culated from ICP-MS results was analysed for both samples, using R,. For measurements
made with code 2, and because both the initial roughness and the degradation rate after
5 hours of immersion were higher for TWIP than for pure Fe, a correlation between them
was possible.
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Figure 33: Correlation between initial R, and the degradation rate computed with ICP-
MS after 5 hours of immersion (left = pure Fe; right = TWIP)

For both materials, a low correlation was found between the initial roughness and the
degradation rate. As a result, it may be assumed that alloying has effectively improved
the degradation of pure Fe samples and that the increase was not due to an initial higher
roughness. To confirm this, studies should be conducted to analyse the influence of the
shape.
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2.2 Roughness

2.2.7 General discussion

MicroCT seems to be more promising to compute the roughness than the degradation
rate of candidate materials for stent applications. Code 1 has shown many limitations
since it was not able to take into account the curvature of the wire. Therefore, the homo-
geneity assumption of the roughness along the samples could not be confirmed. However,
code 2 enabled us to observe the presence of outliers, meaning that both pure Fe and
TWIP samples have undergone pitting corrosion, which is undesirable. It also allowed us
to estimate the roughness evolution over time for pure Fe samples, to compare pure Fe
and TWIP roughness and to calculate the correlation between the initial roughness and
the degradation rate. This correlation enabled us to confirm that the degradation rate
of TWIP was effectively increased by alloying and not because of a higher initial roughness.

However, the ability of microCT to evaluate the roughness needs to be confirmed by
comparing microCT and standards profile measurement systems results.
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Part V
Conclusion and perspectives

The main goal of this work was to assess and optimise the microCT-based protocol for
roughness and degradation rate evaluation. For this purpose, we used and compared both
physical measurements, as well as microCT-based measurements; the latter being new in
the field. To gather the data, the corrosion rate and roughness evolution of TWIP and
pure iron were evaluated during in in vitro immersion.

The first section of this work consisted of the assessment and the analysis of the degra-
dation rate. For this purpose, two methods have been used : ICP-MS and microCT.
MicroCT has highlighted several limitations and the results could not give us clear in-
sights into the evolution of the degradation rate for both materials over time. However,
it has enabled us to observe the presence of brighter regions on the scans, which may
suggest that a protective layer on the samples surface has formed. ICP-MS has allowed
us to acquire quantitative data on the degradation rate. A significantly higher degra-
dation rate was observed for the TWIP samples. Finally, no information regarding the
corrosion mechanism with ICP-MS was found. Going forward, analysis of the components
of the surface should be made to confirm the assumption of the presence of a protective
layer. Also, to better observe the effect of exposure time on the materials, experiments
should be carried out with more time points. Obviously, more TWIP samples should be
produced. To determine what the factors influencing the degradation rate are, samples
should have different shapes and initial levels of roughness. Last but not least, in vitro
and in vivo experiments should be correlated to be able to assess the effeciency of the
dynamic immersion test used in this master thesis and its ability to mimic, as much as
possible, the in vivo conditions.

The second section of this thesis focused on the analysis of the roughness and its varia-
tion over time. Two different Matlab routines have been used to evaluate the roughness
parameters. Both have highlighted limitations because of the use of linear baselines in-
stead of polygonal baselines. Furthermore, they only allow for multiple 2D measurements,
which can be time consuming. Even though it was expected that selecting 16 different
2D cross-sectional images could give us a good overview of the roughness in 3D, outliers
were identified during the analysis. We found that this information can be lost if the out-
liers are not present on the 2D cross-sectional images. Moreover, images were randomly
selected on the sample, which means that outliers found prior to immersion could not be
included after immersion anymore. Consequently, a solution should be found to make sure
that the roughness is systematically analysed on the same part of the wire. Moreover,
additional work should be done to evaluate the roughness with polygonal baselines. Ide-
ally, the roughness should be analysed with a routine that could compute the roughness
parameters in 3D, taking into account any outliers. Measurements should also be made
using more time points, especially for TWIP, in order to better observe the variation of
the roughness over time. Finally, measurements should be made using standard profile
measuring systems such as optical or contact profilometry. Indeed, the submicron-scale
roughness evaluated with the microCT-based protocol can be overestimated. Therefore,
the results obtained both with microCT and standard profile measuring systems should
be compared.
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