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ABSTRACT

EFFECTS OF ULTRASOUND EXPOSURE TO CELLS
CULTURED ON NITINOL IN A PDMS SUBSTRATE

Cardiovascular diseases (CVD) are one of the most serious health problems in

the world. Especially atherosclerosis has a great influence on a heart attack. As a

remedy, vascular stents are frequently used to prevent restenosis. It is very crucial to

prohibit the smooth muscle cells growth not to generate any thrombus formation and to

achieve endothelization on the stent surface. Therefore, some innovative, user-friendly,

and non-invasive treatment methods such as ultrasound can be applied to the target

tissue during and after the implantation surgery. In this thesis, L929 mouse fibroblast

cells and MCF-7 (Michigan Cancer Foundation-7) human breast cancer cells have been

chosen to evaluate the ultrasound effect. While ultrasound exposure has been utilized

to observe the cellular viability of fibroblast cells, it has been applied to breast cancer

cells to bring cell proliferation under control and/or see cell necrosis. Since ultrasound

has provided both the endothelization and preventing the smooth muscle cell generation

leading to vessel occlusion, this in-vitro study can be the representative solution for in-

stent restenosis regarding the impact of ultrasound for both cells generation and/or cell

necrosis. Also, these cell lines have been cultured on Nitinol (NiTi) surfaces placed into

the PDMS substrates to represent the NiTi-based stent in the vessel structure. Based

on our results, the highest viability of fibroblast cells was detected at low intensities;

0.2 W/cm2, 1 MHz, and 0.2 W/cm2, 3 MHz. Moreover, for MCF-7 cells, there has been

no statistically significant difference in cell proliferation following ultrasound exposure.

Therefore, it can be claimed that ultrasound treatment can aid to control cancer cell

generation on NiTi surfaces. Consequently, it might be a prospective and promising

study to explore the influence of ultrasound on both endothelization and to prohibit

any obstruction in the vessel, which causes atherosclerosis.
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ÖZET

PDMS’E YERLEŞTİRİLEN NİTİNOL ÜZERİNE
KÜLTÜRLENEN HÜCRELERE ULTRASON

UYGULAMASININ ETKİLERİ

Kardiyovasküler hastalıklar dünyadaki en ciddi sağlık sorunlarından biridir.

Özellikle aterosklerozun kalp krizi üzerinde büyük etkisi vardır. Bu duruma çözüm

niteliğinde, restenozu önlemek için vasküler stentler sıklıkla kullanılır. Düz kas hücrelerinin

büyümesini engellemek, trombüs oluşturmamak ve stent yüzeyinde endotelizasyon sağlamak

için çok önemlidir. Bu nedenle implantasyon ameliyatı sırasında ve sonrasında hedef

dokuya ultrason gibi yenilikçi, kullanıcı dostu ve non-invaziv tedavi yöntemleri uygu-

lanabilmektedir. Bu tezde, ultrason etkisini değerlendirmek için L929 fare fibroblast

hücreleri ve MCF-7 (Michigan Cancer Foundation-7) insan meme kanseri hücreleri

seçilmiştir. Ultrason uygulaması, fibroblast hücrelerinin hücresel canlılığını gözlemlemek

için kullanılırken, hücre proliferasyonunu kontrol altına almak ve/veya hücre nekrozunu

görmek için meme kanseri hücrelerine uygulanmıştır. Ultrason hem endotelizasyon

sağladığından hem de damar tıkanıklığına yol açan düz kas hücresi oluşumunu en-

gellediğinden, bu in vitro çalışma, ultrasonun hem hücre oluşumu hem de hücre nekrozu

üzerindeki etkisine ilişkin olarak stent içi restenoz için temsili bir çözüm olabilir.

Ayrıca, bu hücre hatları, damar yapısındaki NiTi bazlı stenti temsil etmek için PDMS

substratlarına yerleştirilen NiTi yüzeyleri üzerinde kültürlenmiştir. Sonuçlarımıza göre,

fibroblast hücrelerinin en yüksek canlılığı, düşük yoğunluklarda saptandı; 0,2 W/cm2,

1 MHz ve 0,2 W/cm2, 3 MHz. Ayrıca, MCF-7 hücreleri için, ultrasona uygulamasının

ardından hücre proliferasyonunda istatistiksel olarak anlamlı bir fark görülmemiştir.

Bu nedenle, ultrason tedavisinin NiTi yüzeylerde kanser hücresi oluşumunu kontrol et-

meye yardımcı olabileceği iddia edilebilir. Sonuç olarak, ultrasonun hem endotelizasyon

üzerindeki etkisini araştırmak hem de damarda ateroskleroza neden olan herhangi bir

tıkanıklığı önlemek için ileriye dönük ve umut verici bir çalışma olabilir.
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1. INTRODUCTION

Cardiovascular diseases (CVD) are the leading cause of mortality in Turkey and

throughout the world in the twenty-first century [1–5] with atherosclerosis having the

greatest incidence rate among cardiovascular diseases [6, 7], and vascular stents are

usually preferred for the interventional treatment of atherosclerosis [8–12].

Atherosclerosis, or artery blockage, is the aggregation of some fibrous struc-

ture that includes smooth muscle cells [13] in the intima [7]. It is the leading reason

of CVD such as myocardial and cerebral infections [7, 13, 14], angina pectoris, [4, 7],

stroke [7,12–15], formation of aneurysms [7], intermittent claudication [7] due to the le-

sions composed of excessive amount of inflammatory and fibroproliferative reaction [13].

Thus, it remains one of the most prevalent reasons of death due to CVD [13–16]. As

a solution, percutaneous coronary procedures are chosen instead of the conventional

treatments such as conventional balloon angioplasty [12]. Nowadays, the most often

used type of percutaneous intervention is stenting [5,12,17]. It is utilized in clinical pur-

pose and has also been improved in the scientific community [5]. The primary objective

of these scientific researches is to improve the design and biocompatibility of the vas-

cular stents by enhancing its anti-thrombogenic, anti-restenotic, and endothelization

characteristics [4, 5].

Stent manufacturing technology has evolved significantly over several decades

by including different stent geometries, hybrid material specifications [18], and struc-

ture of the stent [11, 19], coating the stent with drugs [4, 10, 20–22] and drug-loaded

polymer-stent systems [10] to avoid in-stent restenosis, stent thrombosis. However,

those categories may not provide a certain solution to in-stent restenosis [19], which

may emerge as a result of chronic infections linked to vascular damage during stent

placement and/or owing to the patient’s susceptible physiological circumstances.

There have been many studies investigated on the impact of ultrasonography
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on cell viability. No research study could have been found conducted on the effect

of iterative ultrasonic therapy on cell growth on the stent surface in the literature

so far. The effects of low-intensity and low-frequency ultrasound on the viability of

different cell lines on the stent surface, or the contributions of ultrasound waves to

stent biocompatibility such as endothelial cell proliferation and prevention of smooth

muscle cells not to generate in-stent restenosis, will be enquired in this thesis.

Ultrasound application for a therapeutic purpose is used for several biomedical

applications because it can stimulate a localized target area in a cellular level. Also,

different dosages can be applied sequentially to observe the ultrasound effect for the

biological activity of the cell lines easily through in-vitro experiment setup.

To mimic the vessel structure, polydimethylsiloxane (PDMS) is a highly pre-

ferred biomaterial for cell culture due to its similarities to biological tissues in terms

of properties such as elasticity, transparency, biocompatibility, and chemical stability

in this thesis [23–26]. It is a hyper elastic material with a large modulus of elasticity,

reducing the susceptibility to inflammation once implanted into the tissue [27].

Another highly biocompatible material Nitinol (NiTi), a nickel-titanium alloy

is utilized to simulate the stent material in this thesis. NiTi alloys have unique prop-

erties such as shape memory and super-elastic properties thanks to its thermoelastic

martensitic transformation. Since the transformation temperature of NiTi can be set

to very close to the human body temperature, it is widely chosen biomaterial for many

biomedical applications such as vascular guide wires [28,29], snares [29], self-expanding

stents [28–31], heart valves [28], needles [30], occluders [29,30], arch wires of orthodon-

tic braces [28,29], dental drills [30], inferior vena cava filters [29], anchor for orthopedic

surgeries, and staples for the fixation of the bone fracture [29].

Despite the fact that research into the role of ultrasound in cell viability and

proliferation is limited, there are many different current findings. There are research

studies that demonstrate ultrasound promotes cell proliferation, but there are other

studies that show it has no effect on it. Because of factors such as the experimental
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design of the referenced research and the properties of the ultrasonic emitter used, the

effect of ultrasound on cell viability has been interpreted in a variety of ways. That’s

why additional research studies are required to provide more specific information on

this issue. New approaches should be tried to avoid in-stent restenosis and accelerate

the endothelization process on the stent surface.

At this point, this thesis aims to observe the biological effect of ultrasound

waves at different dosages on the particular cell lines; L929 mouse fibroblast cells and

MCF-7 human breast cancer cells. Some of the studies in the past has investigated the

ultrasound effect on the endothelial cells and the smooth muscle cells. When ultrasound

was directly applied to the cell culture, it has contributed endothelial cell proliferation

and to inhibit the smooth muscle cell generation to avoid in-stent restenosis. As a

preliminary study, ultrasound waves have been applied to fibroblast cells which is the

responsible of some physiological activities such as wound healing, and tissue repair to

observe the cell viability and proliferation. On the other hand, MCF-7 is the human

breast cancer line has been utilized. Therefore, ultrasound has been exposed to these

cells to prevent cell proliferation and/or observe necrosis. In this way, ultrasound

impacts have been evaluated in both ways regarding the cell viability and proliferation

as a representative of in-stent restenosis treatment.

As a novel approach, to represent in-vivo conditions, PDMS substrates have been

designed to replicate the vessel structure. Also, NiTi was selected as the representative

biomaterial mostly used in vascular implants to culture the cell lines on it. After placing

the NiTi surfaces into each well of PDMS substrates, cell lines have been seeded on

NiTi. In this way, NiTi-based stents in direct contact with the target tissue have

been simulated. Then, ultrasound energy is applied via ultrasound transducer which

is directly coupled to the well. At this point, applying ultrasound to the NiTi surfaces

located in the PDMS wells with cell culture on them has been another innovational

attitude in this study. Cellular viability is evaluated after the sonication.

Regarding the medical use of ultrasound, it was claimed that the ultrasound ap-

plication as a non-invasive treatment can be useful during and after the implantation
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process to prevent any restenosis in a vessel and contribute to endothelization. For

this purpose, ultrasound waves can be applied to the target tissue after implantation

to prevent thrombosis, and because it is an easy-to-use method, patients with an im-

plantable medical device such as vascular stents can apply ultrasound energy manually

based on well-defined instructions themselves to achieve faster endothelization on the

stent surfaces without hospitalization.



6

2. BACKGROUND AND THEORY

According to the World Health Organization’s (WHO) findings in 20129, car-

diovascular illnesses are the leading cause of death worldwide, accounting for 32 % of

all deaths [2]. It is estimated that over 17.9 million people die each year as a result

of these diseases over the world [2]. The number of patients who would die from car-

diovascular diseases worldwide in 2030 is expected to be 23.6 million [1]. Turkey is

experiencing a similar issue. Cardiovascular illnesses are the leading cause of death in

Turkey, accounting for 47.7 % of all causes of death [32]. The leading causes of death

from cardiovascular illnesses are coronary heart disease (7.3 million deaths) and stroke

(6.2 million deaths). These premature deaths usually happen in patients under the age

of 70 [2].

Atherosclerosis is the most prevalent and leading cause of coronary heart disease

and stroke [6, 7, 13–15, 19], ischemic heart disease [7], hypertension [7], and peripheral

vascular disease, etc.

The term ”atherosclerosis” refers to a type of arteriosclerosis which is hardening,

thickening, and structural change of the vessel [4, 33, 34]. There are three types of

arteriosclerosis. Atherosclerosis, Mönckeberg’s medial calcific sclerosis, and disease of

tiny arteries/arterioles are the most common types [35]. In older people, vein hardening

can cause abnormal changes in vein layers, changes in the elastic characteristics of the

vein, and enlargement of the vein lumen, which is known as aneurysm disease.

Atherosclerosis is an inflammatory condition [14, 15, 36]. The mechanisms fol-

lowing the endothelial dysfunctionality which can be free radicals that may arise from

smoking, hypertension, diabetes, and hereditary factors can contribute to the inflam-

matory process in the vein [7]. The permeability of the endothelium layer rises unless

this defect is addressed by tissue remodeling. Lesions and atheromatous plaques form

as a result of the accumulation of smooth muscle cells and collagen delivered to the
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area [13]. Over time, atheromatous plaques increasingly collect in their structure as fat

molecules, smooth muscle cells, collagens, elastin, etc [14]. Plaque evolvement produces

a clog in the vessel, obstructing blood flow [14]. Angiography cannot identify occlu-

sions until they occupy 45 % of the artery [37, 38]. Coronary restenosis, reoccurrence

of stenosis, refers to a blockage that inhibits blood flow from the vein as the blockage

grows in size and make narrower the vein [4]. A blockage in the coronary arteries can

result in a heart attack [7, 13, 14] while a blockage in the cerebral vessels can result

in a stroke [7, 12–14]. Fat layers and cell remnants that can separate from the plates

over time can interact with blood coagulating substances on the endothelium surface,

stimulating thrombus development [4]. Embolism from the thrombus may enter the

bloodstream and induce venous blockage in another location [35].

Despite the fact that percutaneous coronary intervention (PCI) is currently

the most often preferred technique for myocardial revascularization, coronary bypass

surgery remains an essential part of the therapy of patients with severe obstructive coro-

nary disease [39]. Bypass grafting - revascularization surgery - is commonly utilized

as a therapeutic technique for atherosclerosis [16, 40]. Furthermore,PCI, an invasive

technique, are conducted without surgery by inserting a guiding catheter through the

skin into an artery [41]. These include stents, balloon angioplasty, lasers, and atherec-

tomy [16]. During the angioplasty process, the balloon in the catheter is advanced

through the skin from the arm or thigh bone to the target tissue [39]. By inflating the

balloon, the plaque is pushed against the vessel wall, restoring blood flow [39]. A stent

may also be inserted during this operation to maintain the artery open for a longer

period of time. With recent advancements in expertise and technology, stenting has

become the most widely applied method of PCI and may be preferable in numerous

arterial occlusions and complicated lesions [36, 42].

Until 2017, the advancement of PCI and the significant milestones which can

affect its widespread usage for clinical purpose is given in below Figure 2.1 [39]. These

milestones contain progress in intracoronary imaging, supplementary antithrombotic

and antiplatelet treatments, and hemodynamic lesion evaluation [39].
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Figure 2.1 Advancement of Percutaneous Coronary Interventions until 2017 [39].

A vascular stent is a medical device with an expandable, artificial tubular struc-

ture that is used to restore obstructed blood flow in clogged blood arteries [43]. A

catheter is used to advance the stent into the targeted anatomical location and it

opens in the occlusion site and provides a pathway in the vessel for blood flow as

shown in below Figure 2.2 [4].

Figure 2.2 Representative picture of coronary stenosis by atherosclerosis (a), coronary restenosis
(b), in-stent restenosis (c).
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The formation of the coronary stenosis due to the atherosclerosis is shown in

above Figure 1,a [4]. The coronary restenosis, was occurred after balloon catheter was

dilated and widened the coronary artery, is demonstrated in Figure 1,b. Also, in-stent

restenosis, which is the restenosis happened after the stent deployment was displayed

in Figure 1,c.

Coronary stents range in diameter from 2.5 mm to 5.5 mm [44] and length from

8 to 38 mm [45]. The initial products of stent technology, which began in the 1980s,

are bare metal stents (BMS) [5, 43, 46]. Today’s metal stents are made of stainless

steel (316L SS) [5, 39, 45, 47], titanium (Ti), platinum-chromium (Pt-Cr) [4, 39, 47],

cobalt-chromium (Co-Cr) [4, 5, 39, 44, 47], cobalt-nickel (Co-Ni) [47] , nickel-titanium

(Ni-Ti) [4, 5], platinum-cobalt (Pt-Co) [44] , platinum-iridium (Pt-Ir) [5], tantalum

(Ta) [5], iron (Fe) [5], and magnesium (Mg) [5]. With the evolving stent technology,

several vascular stent designs other than bare metal stents are now accessible. Stents

with enhances surfaces, drug-coated, drug-eluting, polymer-integrated, bio-edible, self-

opening stents are the most common examples [48].

Stents can also be categorized based on their manufacturing technique, geo-

metric form, and substance [3, 49, 50]. Despite the fact that stent utilization is fairly

widespread nowadays, it is necessary to understand and overcome some adverse effects

and deficiencies [48]. In-stent restenosis (ISR) [48], stent thrombosis (ST) [48,51], and

infection [52] are the three most common ones. Thrombosis is classified as acute, sub-

acute, late, or very late thrombosis based on the period of incidence [51]. Infection

can lead to the development of thrombosis and restenosis [53]. The precise incidence

of ISR is difficult to ascertain due to a variety of clinical, angiographic, and surgical

conditions. Restenosis occurred among 32 to 55 % [5, 54] of all angioplasties prior to

the use of stents, and dropped to 17–41 % in the BMS period [54]. Elastic contrac-

tion, inflammation, platelet deposition, neointimal formation, and arterial remodeling

that differs based on the patient physiology are common processes that may induce to

restenosis and thrombosis following PCI [55].



10

2.1 Classification of Stents

Based on the anatomical locations and clinical needs, there are different types

of commercial vascular stents and their classification can be seen in Figure 2.3. In this

thesis, instead of using tubular stent mesh structures, flat form stent metal (nitinol) has

been used to evaluate endothelization on the stent surface and inhibition of smooth

muscle cell growth which leads to obstruction in the vessel by applying ultrasound

waves.

Figure 2.3 Classifications of stents [43],[46].

2.1.1 Coronary Stents

The coronary stent was invented in the 1980s [5, 43, 46] and has involved re-

garding the design, raw material, and structure [56]. There are mainly 4 types of

coronary artery stents based on the material; Bare Metal Stent (BMS), Drug-Eluting

Stent (DES), Covered Stent, and Bioresorbable Stent (BRS) [43].
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2.1.1.1 Bare Metal Stents. The Bare Metal Stents (BMS) is a metal stent, com-

posed of a metal such as stainless steel or cobalt chromium (Co-Cr), in the shape of a

slotted tube or a coil [43] without coating or covering as sown in below Figure 2.4 [57].

This type of stent is utilized to achieve great strength as well as outstanding stretcha-

bility [43]. The primary idea behind BMS is to supply rigid mechanical support to the

arterial walls while inhibiting artery recoil at the lesion location [48].

Figure 2.4 Boston Scientific, REBEL Stent System [57].

However, after the implantation of BMS, blood clots can develop rapidly due to

the poor biocompatibility of metals within the human body, [43]. Endothelial dysfunc-

tion in the long term [4], inflammation [4] and thrombus development following the

surgery [55] can lead to various adverse effects such as acute obstruction in the vessel

and restenosis [43].

As an example, acute thrombus formation after BMS deployment as shown in

below Figure 2.5.A [55]. Figure 2.5.B is the zoomed picture of A [55]. Also, attached

cells to the elastic lamina can be observed in Figure 2.5.C after 3 days of the deployment

[55]. In Figure 2.5.D, the neointimal hyperlapsia can be seen after 2 weeks of BMS

deployment [55].
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Figure 2.5 Thrombus formation after BMS deployment [56].

To avoid above side effects, DES has been evolved. The detailed evaluation of

DES in Section 2.1.2. Also, there are two types of BMS; Balloon Expandable Stents

(BES) and Self-Expandable Metal Stents (SEMS).

2.1.1.1.1. Balloon Expandable Stent

The Balloon Expandable Stent (BES) is a small, straight, solid medical device

that are preserved by angioplasty balloon to prevent dislocation of the undeployed

stent [58] by advancing with guiding catheters and compatible sheaths to be deployed

into stenosis [47].

Below Figure 2.6 [47] depict the deployment of BES schematically. Firstly, BES

is crimped onto the balloon catheter and advanced through the vessel to the target

stenosed tissue. Then, the balloon is dilated and the stent is expanded, accordingly. It

contributes to retain blood flow. Consequently, the catheter is removed, the balloon is

collapsed, and the stent is deployed. In this way, the radial stiffness of a stent should
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be assessed considering the expanded structure [47].

Figure 2.6 Schematic BES deployment process [47].

2.1.1.1.2.Self-Expandable Stent

Self-Expandable Stent (SEMS) are the flexible, expandable metal stents which

can provide larger lumen [59], and wider patency [59] when the device is positioned

and released from the delivery system in the target location [60]. Prior to release the

device, fluoroscopic control can be made thanks to radiopaque marker as shown in

below Figure 2.7.

Since there is no balloon needed during the implantation of SEMS, the size of

the delivery system can be smaller compared to the BES delivery system [61]. Also,

all SEMS can be buckled at lower pressures in comparison with BES. However, when

the stress is removed, it can return back to its original shape [61].
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Figure 2.7 Wallflex SEMS placement and fluoroscopic control [59].

2.1.1.2 Drug-Eluting Stents. Stenting is a promising treatment for the atheroscle-

rosis [10]. However, there is still high risks of restenosis after the stent deployment. It

is significant to reduce the in-stent restenosis (ISR) since it can lead to stroke [10]. For

this purpose, stent technology has been evolved to eliminate the estimated side effects

such ISR and Drug-Eluting Stents (DES) have been invented [10, 21]. These stents

release drugs which can inhibit the tissue growth lead to the obstruction in the stent,

and aim to decrease the rate of restenosis in the coronary [4, 10,21].

As demonstrated in below Figure 2.8, during the implantation procedure, the

stent is firstly mounted to the balloon catheter and advanced into the vessel until

reaching the tissue (Figure 2.8.A) [22]. Then, the stent is expanded by inflating the

balloon (Figure 2.8.B) [22]. After the stent is implanted, the balloon is collapsed and

removed (Figure 2.8.C) [22]. Therefore, the medication thanks to DES can be initiated

in the vessel by releasing the drugs.
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Figure 2.8 The representative image of the DES implantation [22].

DES structure is typically made up of a standard bare or coated metal stent

as a platform, a polymer that regulates drug release by coating the drug, and a drug

combined with the polymer [43]. Because DES differs from human tissue, there is still

a chance of rejection when the stent is placed into the human body [43].

DES is regulated regarding the release rate of the drugs, which is based on

the type and molecular weight of the polymer and the drug contained therein [43].

The materials used to cover the stent’s surface should be blood and tissue compatible,

non-toxic, and stable [43]. There are still some restrictions by using DES due to

remaining the metal in a human body for a long time, possibility to re-operation,

and/or generation of antiplatelet agents which increase the risk of bleeding [22, 43].

Although DES has some limitations especially after the deployment of the stent, it has

a great potential for the treatment of CVD.



16

2.1.1.3 Covered Stents. Restenosis in the coronary vessels has made a remark-

able progress. Although there have been good outcomes with evolving stent technology,

there is still remaining risk regarding the restenosis [62]. At this point, the usage of

covered stents is one of the innovative approaches that has a potential to eliminate the

risk of restenosis [62].

Covered stents, which are metal stents covered by a polytetrafluoroethylene

(PTFE) membrane [63] as the given example in below Figure 2.9 [64].

Figure 2.9 GETINGE, Advanta V12, Balloon expandable covered stent [63].

They can enable a direct barrier to ingrowth of neointimal hyperplasia and

prevent to contact with the inflammatory tissue by sealing off [63]. In this way, they

have been utilized to avoid restenosis, which is caused by tissue growth through the

stent [63].
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2.1.1.4 Bioresorbable Vascular Scaffold). Similar to DES, Bioresorbable Vas-

cular Scaffold (BVS) can serve radial support to minimize vascular rebound by sealing

intimal dissection after balloon angioplasty [65, 66]. Also, BVS can provide an op-

portunity to reduce the neointimal hyperplasia by antiproliferative drugs [65]. Fully

degradation of BVS can be occurred after 3 to 4 years of the stent deployment and

then it permits to re-endothelization and the recovery of the vessel [65]. Thus, the

incidence rate of late scaffold thrombosis can be decreased [65]. Additionally, some of

the problems related to the permanent metallic stents, such as late neoatherosclerosis,

late stent thrombosis, and/or restenosis can be avoided [65,66].

As shown in below Figure 2.10 [66], the three phases of BRS in terms of the

functionality which are revascularization, restoration and reabsorption [66]. During

the revascularization, the mechanical support can be preserved and the drug delivery

process can be observed [66]. Secondly, the loss of the radial rigidity and mechanical

restriction can be detected in the restoration phase [66]. Then, the resorption phase is

occurred by losing the mass loss with vascular remodeling responses [66].

Figure 2.10 BRS functionality phases [66].
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2.1.2 Peripheral Stents

Peripheral arterial disease (PAD) is a frequent and severe illness that mostly

affects the lower limb arteries [67]. This disease affects around 3 to 10 % of the

population aged 40–59, and 20 % of patients over the age of 70 [67].

In comparison with the open surgical revascularization, percutaneous trans-

luminal angioplasty (PTA) has considerable advantages in terms of reduced patient

morbidity [68]. Furthermore, PTA is linked to lower death rates in many of therapeu-

tic scenarios. Thanks to the new technology and advancements in wire and catheter

methods, greater success has been noted in several of these difficult locations [68].

2.1.2.1 Carotid Artery Stents. The carotid arteries run down either side of the

neck, carrying blood and oxygen to the brain [69]. These arteries can become unhealthy

with atherosclerosis over time, and plaque can generate on the interior, causing the

vessels to make narrower [69]. This is called carotid artery stenosis. Smoking, high

cholesterol, diabetes, age, and high blood pressure can be examples of risk factors for

carotid artery stenosis [69]. As a solution, carotid artery stenting (CAS) has become

the most preferred treatment method over the 30 years since it is the minimally invasive

method with a low risk of cardiac injury [70]. The implantation procedure of the carotid

artery stent is demonstrated in below Figure 2.11.
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Figure 2.11 Representative image of carotid artery stenting procedure [67].

2.1.2.2 Iliac Artery Stents. PTA is becoming increasingly significant in the

treatment of ischemia caused by iliac artery occlusive disease [68]. PTA is currently

considered the major therapeutic option for stenotic lesions that do not have full oc-

clusion and include relatively small portions of the artery (5-10 cm) [68]. Furthermore,

PTA can effectively treat localized total occlusions of the common iliac artery with long-

term patency rates comparable to open surgical revascularization [68].In the treatment

of patients with critical limb ischemia and several degrees of arterial blockage, iliac

artery angioplasty has been utilized successfully with infrainguinal surgical revascu-

larization [68]. The iliac occlusive disease PTA offers optimum vascular inflow to the

femoral artery level [68].

Many of patients with aortoiliac PAD have disease patterns that are suitable for

endovascular treatments, such as stenting, which accomplished in high success rates

and good durability [71]. Open surgical treatment is still a highly effective option for

patients with severe occlusions such as bilateral iliac arteries or those who have failed
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before endovascular interventions [71].

As an example, the stent implantation procedure into the left common iliac

artery can be shown in below Figure 2.12. There is a high-grade of stenosis above the

bifurcation as indicated with red arrow in Figure 2.12.a, and the large lumbar collaterals

can be seen above the stenosis remarked with white arrow [71]. In Figure 2.12.b, stents

located into both aorta and bilateral iliac arteries can be seen by fluoroscopic image [71].

Aortic restenosis is marked with red arrow in Figure 2.12.b [71]. In this patient,

completion angiography reveals broadly patent aortoiliac artery stents with clearance

of the stenosis in Figure 2.12.c [71]. Angiogram of separate patients demonstrates the

total blockage of the left common iliac artery to the aortic bifurcation by red arrow

in Figure 2.12.d [71]. Flow restoration in here shows the blocked segment’s end (red

arrow in Figure 2.12.e) [71]. Also, by insertion of stents (red arrows), the occluded

artery was successfully reopened shown in Figure 2.12.f [71].

Figure 2.12 Aortoiliac intervention for PAD [71].
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2.1.2.3 Femoral Artery Stents. Femoral artery stenting is the minimally inva-

sive procedure to open obstructed femoral artery by a stent deployment. One of the

most well-known vascular disorders is stenosis of the femoral artery [72]. Similar to the

carotid or coronary artery diseases, the plaque formation can be occurred in the leg

vein. Therefore, the narrowed blood vessel of the patients can be opened by minimally

invasive operation such as balloon angioplasty or stent deployment [73]. In addition to

that, PTA has been utilized for the treatment of the occlusion in the femoral artery by

stent deployment [72].

Figure 2.13 Representative image of plaque formation in the femoral artery [73].

2.1.2.4 Renal Artery Stents. Renal arteries are in charge of the blood trans-

portation to the kidney. When they have been obstructed or became narrower due to

the atherosclerosis which is mostly related with the hypertension [74, 75], renal artery

stenting procedure can be used to reopen the blood vessel and retain the blood flow

by angioplasty [76] as shown in below Figure 2.14 [77].
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Figure 2.14 Renal Artery Stent Implantation [77].

2.2 Ultrasound Therapy

Therapeutic ultrasound (TUS) is a promising method to stimulate cells by in-

creasing biological activity such as endothelization [78–80] among several new medical

applications for local treatment [81]. For instance, ultrasonography for the carotid

artery is a long-standing and dependable technique for diagnostic modalities used to

detect vascular morbidity in a preliminary stage [82]. Furthermore, since the carotid

arteries, are in charge of transportation of the blood to the braid, are placed into each

side of the neck, ultrasound waves can easily be applied to detect the obstructed or

narrowed carotid arteries [83] as shown in below Figure 2.15 [84].

Figure 2.15 Representative image of ultrasound application to the carotid artery [84].
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In addition to the invasive treatments, many experiments showed that the ultra-

sound can prevent tissue occlusion such as atherosclerotic plaques [85]. According to

the findings by Zhang et. al., there were no patients who withdrew from the ultrasound

therapy due to adverse effects. After the treatment, the maximum thickness and area

of 79.94 % of the carotid plaques in the ultrasonic group were decreased, whereas the

thickness and area of 18.52 % of the plaques in the control group were reduced [85].

Considering that, further experiments will be performed with carotid artery

cell to define the ultrasound wave impacts on them. However, in this thesis, as a

preliminary study of the evaluation of ultrasound application, it has been performed to

see cell viability and proliferation of fibroblasts as a representative of endothelization,

and cell damage of MCF-7 cells to simulate providing the plaque formation in the

vessel.

Since ultrasound therapy has been applied in many clinical applications [86,87],

and in-vivo studies [88] owing to its contribution to endothelization, wound healing

process, and enhancement in tissue repair, fibroblast cells have been widely studied in

TUS applications [79, 89–92]. However, the underlying mechanisms of ultrasound in

wound healing and tissue repair are not entirely understood [80,90].

In-vitro studies have shown that ultrasound may directly or indirectly affect

the potential mechanisms involved in blood flow, inflammation, cell migration and cell

viability, angiogenesis [93], gene expression, etc. [94]. It triggers cellular pathways

[95, 96] leading to the proliferation of cells such as fibroblast [79, 81], osteoblasts [97],

monocytes [97], endothelial cells [98]. On the other hand, ultrasound may also have

potential risk factors to cellular mechanisms and patient safety through formations of

free radicals and/or deoxyribonucleic acid (DNA) damage [99–101]. Although high-

intensity ultrasound tends to exhibit damaging effects, the threshold of the safety level

has not been observed for high-intensity nor low-intensity ultrasound. Furthermore, a

consensus has not been achieved for the ultrasound dosages for proper application of

any cell type. The reason is the variety of the applied dosages, cell type, studied assay,

and the experimental set-up [97].
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One of the application areas of TUS is breast cancer necrosis with different

dosages [101–104]. Since breast cancer is one of the most frequent types of cancer in

women, it is crucial to inhibit cell growth and/or keep it under control [102]. MCF-7

human breast cancer cell line has been one of the most preferred cell lines for many years

to contribute to cancer research globally, and it can provide the practical knowledge

to accelerate the treatment process considering patient care [105].

As a routine treatment method, ultrasound therapy for human breast cancer

cells can be implemented [106,107] because the complication rate after the treatment is

very low [106]. Therefore, it is beneficial for localized breast cancer since the ultrasound

can enter the tissues with the low energy fading [107]. Also, no severe adverse events

have been observed in adjacent tissues after the application [108].

2.3 Nitinol

Nitinol (NiTi), a nickel and titanium alloy, is a widely used biomaterial due to

its unique material specifications such as high biocompatibility, super elasticity, shape

memory performance, and excellent mechanical performance [28,29,109,110].

Super elasticity refers to the property of an alloy to turn back to the original

shape by a constant force and a large, reversible, and substantial deformation [29,

111, 112]. It occurs when the test temperature is above the austenite finish (Af )

temperature or in between austenite start (As) and Af temperatures. As seen in

Figure 2.16, when stress is applied to the material in the austenite phase, it transitions

to a stress induced martensite phase (Figure 2.16.b). When the stress is removed, the

material can transition back to the austenite phase and thus its original shape again

(Figure 2.16.c) [28].
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Figure 2.16 Super elasticity property of NiTi [28].

Moreover, NiTi, as a shape-memory alloy (SMA), has the ability to recover to

its original shape. Different from the super elasticity, the material is mostly in the

martensite phase for the shape memory performance. When stress is applied, the

material is in a detwinned martensite form. When the stress is removed, the material

can maintain its detwinned martensite form. When the detwinned martensite form of

the material is exposed to heat, it transitions to the austenite phase. After cooling the

material, the material’s shape defined [28].

A significant material property of NiTi alloys is its biocompatibility. NiTi al-

loys have been well-tolerated by the patients due to good corrosion resistance in the

human body [28, 30, 111]. Moreover, it was proven that NiTi has no toxic effects and

accordingly, cell viability and proliferation are usually observed during direct contact

of tissue with NiTi [29, 30].
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Figure 2.17 Shape memory property of NiTi [28].
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NiTi is a self-passivating biomaterial which can form a stable surface oxide layer

to prevent any corrosive effect to the material [112,113]. On the other hand, since the

NiTi alloys contain high amount of nickel, it may cause allergic reactions, or disorders

which may prevent proliferatation of healthy cells [29]. Additionally, the exposure of

the high levels of nickel to the blood circulation can be hazardous for the patient care

owing to excessive corrosion and may lead to some adverse events [113]. At this point,

the effects of nickel and titanium have been compared and the results show that while

the nickel can cause harmful effects on cellular activity, the nitinol alloy which comprises

of nickel and titanium reacts the same as titanium, totally inert [29]. Moreover, the

same study has evaluated the effects of nitinol, stainles steel, and titanium on the

osteoblasts and the fibroblasts. The results proved that there is no toxic impact of

nitinol on these cells [29]. Furthermore, many researches have shown that in long-term

follow-ups, nickel levels in the blood have not significantly increased and caused any

toxicity [29,112–115].

In light of all these unique material specifications, NiTi alloys are usually pre-

ferred for medical purposes. For instance, thanks to the elasticity of NiTi, NiTi needles

have been manufactured and utilized for surgical operations [30]. The thermal shape

memory properties of NiTi have allowed for the development of the closure device con-

tributing to bone healing [30]. Another device made by NiTi is the vena cava filter,

which is implanted into the vena cava by advancing the device through a compati-

ble delivery system to place the device in the target tissue and prevent any thrombus

formation [30].

One of the main application areas of NiTi alloys is in stent technologies [28,29].

The first products of stent technology, which started in the 1980s, are bare metal stents

[46]. In the top figure, the stent were compressed for the transcatheter replacement,

while in the bottom one, it can return back to the original shape after heat exposure.
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Figure 2.18 First bare metal stent [47].

Another utilization of NiTi is for the tracheobronchial stent to investigate axial

buckling [116]. The device design can be seen below in Figure 2.19. Due to the

superelastic properties of NiTi, it was claimed that the the tracheobronchial stents

made by NiTi can be a good approach for self expandable stents.

Figure 2.19 Stent for axial buckling [116].

In a other study, NiTi alloys have been preferred to manufacture coronary artery

stents owing to its radiopacity, super elasticity, and the shape memory performance.

As a result of in-vitro cytotoxicity studies and in-vivo biocompatibility studies, the

fabricated coronary stent, shown below in Figure 2.20, has been found as highly bio-

compatible. Also, according to the cell proliferation test, it was proven that these NiTi
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coronary stents have good cytocompatibility [117].

Figure 2.20 Coronary stent example [117].

In addition to all, NiTi-based stents have been commonly utilized for the carotid

artery stents due to its unique properties such as being self-expandable [118, 119] and

shape memory alloy [118, 119], super-elasticity [119], biocompatibility [118, 119], and

excellent corrosion resistance [119]. Many of the researches have been evaluate the

safety of the braided, expandable, NiTi stents for the carotid artery stenosis regarding

the in-stent restenosis and thrombus formation [119,120].

Ahlhelm et. al. [120] have been implanted NiTi based laser cut stent (shown

in below Figure 2.21) to the porcine model and they have been accomplished to stent

deployment without any complication. Although the NiTi stents have been observed

to generate a thicker neointima before, no thrombosis or greater than > 60 in-stent-

stenosis was detected in this study [120].

Figure 2.21 Testing NiTi stent [120].
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As an example of Ni-Ti based carotid artery stents, The Roadsaver stent (Terumo

Interventional Systems) [121] can be evaluated [18]. It is designed for the carotid arte-

rial atherosclerotic. The Roadsaver stent is composed of double layer NiTi mesh design

as shown in below Figure 2.22 [18] to eliminate the plaque formation and embolization

after the stent deployment [121]. Since there are many micromesh cells into the stent, it

can behave like a covered stent [18]. Also, due to the NiTi, it provides good flexibility,

wall apposition, and permits patency for the side branch [121].

Figure 2.22 Roadsaver Carotid Artery Stent , TERUMO Interventional Systems [121].

Another NiTi-based carotid stent example is The Gore Carotid Stent (W. L.

Gore & Associates) [18]. According to Schönholz et. al., the simple handling and

safety procedure of 6 mm,8 mm, 40 mm Gore Carotid Stent can be achieved and based

on the findings at the end of 6 month after the surgery, they detected stent patency,

preservation against the emboli generation, and compatibleness to the tissue wall [18].

In light of these examples, it can be concluded that NiTi based stents can be

useful for the carotid artery occlusion. Since the further studies will be focused on the

carotid artery diseases, this preliminary studies with NiTi can be a promising approach.

In conclusion, NiTi alloys have been extensively used in stents for a wide variety

of medical purposes. It is now expected to generate a US 16.666 billion dollar industry

by 2022 [122]. Half of these stents are being foreseen to be made of nitinol [29].
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In this thesis, NiTi surfaces have been utilized as a representation of stent tech-

nology. The cell lines used have been cultured on these NiTi surfaces. Then, the

ultrasound application has been performed at different dosages to these cell lines in or-

der to evaluate the sonication effect regarding the cellular viability and endothelization

on the stent accordingly.

2.4 Polydimethylsiloxane (PDMS)

PDMS is a polymer which is one of the silicone elastomers [23, 25]. Since it

can provide many advantages, PDMS has a wide variety of application areas such as

biomedical, mechanical, or electronic industries [23].

In the biomedical device industry, PDMS is a well-known biomaterial due to its

biocompatibility, non-cytotoxicity, ease to manufacture and use, optical transparency,

elasticity, permeability, similarities to some biological tissues, ability to mimic some

circular vascularized structures, chemically and thermally stability, low cost, and time-

saving properties [23–26].

In recent years, many research gropus are attempting to mimic micro environ-

ment of the human body by designing in-vitro experimental setups to get fast and

cost-effective responses [23, 26]. For this purpose, PDMS is an extensively preferred

biomaterial, especially for tissue mimicking, simulating the vessel structure, and/or

multilayer vascular model phantom owing to its ability to imitate the complex struc-

tures such as circular blood vessel in micro dimension [23–26].

Taking into account these material specifications of PDMS, it is inevitable to use

it for medical purposes. For instance, PDMS has been utilized to prevent aneurysm

in the blood vessel by understanding the biological and mechanical responses [123],

replicate the circular blood vessel structure in the micro-cardiovascular system and

enable endothelial cell growth on it [26], and to fabricate transparent and flexible

tubing to simulate multilayered structure of five peripheral tissues which are epidermis,
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hypodermis, blood vessels, and blood [24].

All things considered, PDMS has been selected to constitute the vessel structure

in this thesis. The basic similarities among PDMS and vessel structures can be found

in below Table 2.1.

Table 2.1
Comparison of PDMS and Vessel Structure

Properties PDMS Vessel Structure

Thickness 1.1mm 1.14 ± 0.10mmforvein

Elasticity X X

Permeability X X

Flexibility X X

Multilayer Structure X X

Compressibility in particular momentum X X

In this way, the human body response after the stent implantation regarding

the endothelization can be evaluated by an in-vitro setup.

2.5 Cell Culture Studies

As a preliminary study for the evaluation of ultrasound exposure effects, two

different cell lines were used. One of them is L929 fibroblast cells (American Type of

Culture Collection (ATCC), CCL 1), which plan an important role for some physio-

logical activities such as producing extracellular matrix (ECM), wound healing, and

bone repair. Therefore, it was aimed to retain the cell viability and proliferation of

fibroblasts.

Furthermore, since MCF-7 human breast cancer is very common disease espe-

cially for women, it is very essential to prevent cell growth and enable necrosis by some
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therapeutic approaches such as ultrasound. For this purpose, MCF-7 human breast

cancer cells (ATCC, CRL 3435) were chosen to study the various effects of ultrasound

waves.

The main goal for choosing these cell lines is to evaluate different ultrasound

impacts on different cell lines such as fibroblast cells and MCF-7 cancer cells. While

it is very crucial to see cell proliferation of fibroblasts following ultrasound exposure,

ultrasound waves are applied to MCF-7 cell lines to prevent cell proliferation and/or

observe cell damage. In this way, it can be claimed that ultrasound can be a useful

method for both cell proliferation such as endothelization and cell damage like the

prohibition of any occlusion in the artery that causes atherosclerosis.

2.5.1 Alamar Blue (AB) Cell Viability Assay

Briefly, AB is one of the non-toxic cell viability reagents. It contains resazurin, a

fluorescent blue indicator dye. It is generally used as an oxidation-reduction (REDOX)

indicator and it can provide the colorimetric change for the cellular, and metabolic

reduction [124, 125]. The reduced form of resazurin is called as resorufin, is highly

fluorescent [124, 125].Therefore, the intensity of the fluorescence produced is directly

proportional to the number of living cells [124, 125]. Thus, AB can be utilized as an

indicator for the healthy cells.

2.5.2 Acridine Orange (AO) and Propidium Iodide (PI) Staining for Cell

Viability

As a simple, and rapid application, Acridine orange (AO) and propidium iodide

(PI) are mostly preferred nucleic acid-binding dyes to prove cell viability [126]. They are

utlized as a fluorescent marker to visiualize cellular viability simultaneousl [126].AO can

enter the living cells as an inclusion dye and lead to cell to propagate green fluorescence

while PI as an exclusion dye cannot go into the living cells but can penetrate into the
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dead cells to fluoresce red by binding the nucleic acids [126]. In this way, live and dead

cells after the staining can be distinguishable easily.

2.5.3 Immunofluorescence staining with 4', 6-diamidino-2-phenylindole (DAPI)

and F-actin

Immunofluorescence is a light microscopy method utilizing a fluorescence micro-

scope that is mostly utilized on microbiological samples. This approach employs the

specificity of antibodies to their antigen to direct fluorescent dyes to specific biomolecule

targets within a cell, allowing observation of the target molecule’s distribution through-

out the sample [127].

Immunofluorescence can be used to examine the distribution of proteins, gly-

cans, and tiny biological and non-biological substances in tissue slices, cultured cell

lines, or individual cells. This method can even be utilized to observe the things like

intermediate-sized filaments. If the topology of a cell membrane has not yet been

defined, immunofluorescence and epitope insertion into proteins can be employed to

identify structures. Also, it can be used in conjunction with other non-antibody fluo-

rescent staining techniques, such as the use of DAPI to mark DNA [127].

Actin is a family of globular multi-functional proteins that form microfilaments

and can be a free monomer called G-actin or part of a linear polymer microfilament

called F-actin [128]. Actin stains are utilized to detect the live and fixed cells to

define their structure, cytoskeleton functionality [129]. In this thesis, Phalloidin- iFluor

488 Reagent (abcam, UK) was used. It can be bound with actin filaments and then

the living cells can generate green fluorescence while investigating them under the

fluorescent microscope. Additionally, DAPI was practiced to visualize the nuclear

DNA in both live and fixed cells [130]. It is a blue fluorescent DNA stain and excited

by the violet laser line [131]. Therefore, the cells which are exposed to DAPI as nuclear

counterstrain can be observed under the fluorescent microscope.
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3. MATERIALS AND METHODS

During the experiments, each step shown in below flow chart were examined,

respectively.

Figure 3.1 Flow Chart of the Experiments.
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3.1 PDMS Preparation

Preparation of PDMS substrates includes two main steps; design and fabrication

of the molds which PDMS is poured into, and preparation of the PDMS.

3.1.1 Design and Fabrication of PDMS Molds

The customized PDMS molds, PDMS substrates have been poured into them,

have been designed by using Computer Aided Design (CAD) software (Siemens Solid

Edge). For the design process, CAD programs are user-friendly methods because the

required modifications can be performed easily considering the needs of the application.

For this study, PDMS molds have been designed as shown in below Figure 3.2.

Each dimension can be found in this Figure as well. There are four circular parts in

each mold to create wells as a representation of the vessel structure.

Figure 3.2 Technical Drawing of PDMS Molds.
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Since the ultrasound waves have been applied to the bottom of the PDMS

substrate, the thickness of the base part was determined as 11 mm considering the

thicknesses of human and phantom skin, vessel wall and blood [24] as shown in below

Figure 3.3.

Figure 3.3 Technical Drawing of PDMS Molds.

Each mold consists of three separate parts and the main structure is constituted

by assembling these three parts as it can be shown in below Figure 3.4.

Figure 3.4 Representative pictures of PDMS Molds.



38

The dimensions of each part can be found in below Figure 3.5.

Figure 3.5 Dimensions of each part.
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After the technical drawings have been completed, the CAD file has been con-

verted to three dimensional (3D) printing file with .stl extension by the slice program

Z-Suite. It has been prepared with the high resolution to get smoother surfaces. Then,

each part has been printed by Zortrax M200 Plus printer with polylactide (PLA) as a

printing material.

Figure 3.6 Parts of PDMS molds.
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3.1.2 Preparation of PDMS Molds

PDMS substrates have been prepared by mixing SYLGARD 184 Silicone Elas-

tomer Base and SYLGARD 184 Silicone Elastomer Curing Agent. The ratio of the sili-

cone elastomer base and the curing agent is 10:1 by weight. For this purpose, the accu-

rate measurement has been performed by the precision scale (Sartorius GL224i-1CEU).

Afterwards, PDMS has been mixed and then degassed by the desiccator (Rocker 300)

to prevent bubble holes formation during curing. Next, PDMS was poured into the

3d-printed molds and it was put into the desiccator again for 30 minutes to 1 hour to

make sure that there are no air bubbles inside the PDMS. Subsequently, the mold with

PDMS was put into the incubator (Memmert, GmbH) at 65 ◦ C for at least 2 hours.

After PDMS was cured, the mold was separated into three pieces and PDMS

has been removed from the mold with the help of tweezers as it can be seen in below

Figure 3.7 and Figure 3.8.

Figure 3.7 PDMS substrate in the mold.
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Figure 3.8 Cured PDMS.

3.2 NiTi Surfaces

NiTi surfaces have been cut circularly by a clipper with a diameter of 11 mm

from the NiTi plate. Then, these NiTi surfaces have been placed into each well of

PDMS substrates as shown in below Figure 3.9.

Figure 3.9 NiTi surfaces placed into the PDMS substrate.
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3.3 Sterilization

All PDMS substrates, NiTi surfaces, and the other test equipment such as tweez-

ers have been sterilized before initiating the experiments. The sterilization process has

begun with the NiTi surfaces sterilization. Firstly, NiTi surfaces have been sterilized

by using Ultra Gold ultrasonic cleaner (Hydra Ultrasonic, Turkey) at 45°C with 95.9

% ethanol absolute (Tekkim Kimya, Turkey) for 5 minutes, the acetone (Honeywell

International Inc, Charlotte, North Carolina, US) for 5 minutes, and 70% Ethylene

Oxide (EtO) which was obtained by diluting 95.9% ethanol absolute (Tekkim Kimya,

Turkey) for 5 minutes, respectively. Afterwards, NiTi plates and PDMS substrates

were sterilized into the autoclave machine (NÜVE OT 40L, Turkey) for 20 minutes

at 134◦C. Then, all sterile samples have been placed into the class II biological safety

cabinet (ESCO Life Sciences Group, Singapore). NiTi surfaces have been located into

each well of PDMS substrates in the flow hood. 300 µl 70% EtO solution was put into

each well with NiTi surfaces for 15 minutes. After that, EtO solution was aspirated

and this step was repeated again. Hereby, the sterilization process of all samples has

been accomplished.

3.4 Ultrasound Application

Ultrasound application has been performed on each PDMS substrate after 24

hours of cell culture cultivation on NiTi surfaces by 1631903 Sonopuls 190 (Enraf

Nonius, Holland). There are 7 application groups given in Table 3.1 Ultrasound has

been applied in continuous mode at 3 different intensities and 2 different frequency

amplitudes.



43

Table 3.1
Application Groups and Parameters

Application Groups Intensity [W/cm2] Frequency [MHz]

Group I 0.2 1

Group II 0.2 3

Group III 0.5 1

Group IV 0.5 3

Group V 0.75 1

Group VI 0.75 3

Group VII-Control Not Applied Not Applied

A head holder which has 5 cm2 surface area has been used. Before the sonication,

the holder was fixed and the surface of the fixed holder has been covered by 2 ml

contact–gel (Aqua Ultrasound Gel, Neo Kurumsal, Turkey). Each PDMS substrate

has been sealed to the sterile lip in the flow hood and then located on the holder with

the contact-gel and exposed to ultrasound application for 2 minutes from the bottom

of the PDMS substrate shown in below Figure 3.10.

Figure 3.10 Ultrasound Application.
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After the application, the temperature of each PDMS substrate has been mea-

sured by an infrared thermometer (Xidian F002 Forehead Thermometer) as shown in

below Figure 3.11. The temperature values were measured from the bottom of the

substrate and all values were recorded. Then, all samples were kept in the incubator

for 1 day at 37◦C for L929 mouse fibroblasts and MCF-7 human breast cancer cells.

Figure 3.11 Temperature Measurement.

3.5 Cell Culture Studies

L929 mouse fibroblast cells were routinely cultured in 25 cm2 flasks (SARST-

EDT AG & Co. KG, Nümbrecht, Germany) with Dulbecco’s Modified Eagle’s Medium

(DMEM) High Glucose (Biosera, Nuaille, France), supplemented with 10% Fetal Bovine

Serum (FBS) (ATCCr 30-200TM) and 1% peniciline-streptomycin (Biosera, Nuaille,

France), and kept in a humified 5% carbon dioxide (CO2) atmosphere at 37◦C.

Similar to L929 fibroblast cells, MCF-7 human breast cancer cell lines were rou-

tinely cultured in 25 cm2 flasks with DMEM F-12 (Biosera, Nuaille, France), supple-

mented with 10% FBS (ATCCr 30-200TM), and 1% peniciline-streptomycin (Biosera,
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Nuaille, France), and kept in a humified 5% CO2 atmosphere at 37◦C. The NiTi surface

area is 95 mm2 and the cell density of L929 fibroblasts and MCF-7 breast cancer cell

lines has been determined as 5x104 cells/ml for each NiTi. Once the adequate number

of cells have been obtained, the cell cultures have been cultivated in NiTi surfaces with

300 µl working volume of medium.

3.5.1 Alamar Blue (AB) Cell Viability Assay

In order to enquire cellular viability after the ultrasound application, the Alamar

Blue (AB) Cell Viability Assay has been performed at particular time points. For this

purpose, firstly, AB assay (Bio-Rad Laboratories, Inc) was prepared by mixing the

fresh medium and AB dye at the ratio of 10:1. Afterwards, the cell culture medium

has been replaced by 300 µl, 10% AB solution and then incubated for three hours.

It has been performed after 24 and 48 hours of the cell culture. At the end of three

hours, 100 µl AB solution has taken from each well and put into the 96-well plate

for the measurement of the absorbance values at 570 nm and 595 nm in 96-well plate

reader (iMarkTM Microplate Absorbance Reader, Bio-Rad Laboratories, Inc,). After

the mix time was entered as 3 seconds, and the mix speed was arranged as low, the

measurement has been performed and the absorbance values have been recorded.

3.5.2 Acridine Orange (AO) and Propidium Iodide (PI) Staining for Cell

Viability

Firstly, the stock solutions have been prepared by dissolving 5 mg/ml AO (Sigma

Aldrich, Germany) and 3 mg/ml PI (Glentham Life Sciences, UK) in basic ethanol.

Then, the staining solutions have been developped by mixing the stock solutios and

phosphate buffered saline (PBS) at the ratio of 1:1000. After the second AB cellular

viability assay has been performed, AB solution was aspirated from each well and 300

µl fresh medium was added. For AO/PI cell viability test, two 2 out of 4 wells of

each PDMS substrates were practiced. After the aspiration of 300 µl medium, NiTi
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surfaces have been washed with 250 µl PBS solution twice. Then, 100 µl AO and 100

µl PI was added to each well. Samples were gently shaked for 1 minute. Afterward,

NiTi surfaces were ejected from the PMDS substrates and put under the fluorescent

microscope (Leica DM IL LED; Leica Microsystems) to display the cells.

3.5.3 Immunofluorescence staining with 4', 6–diamidino–2–phenylindole

(DAPI) and F–actin

Prior to the immunofluorescence staining, the cell fixation process should be

performed. The living cells on the remaining two NiTi surfaces of each PDMS substrate

were fixed with 4% paraformaldehyde solution (PFA) (Sigma Aldrich, Germany) for

10 minutes and then permeabilized with 1% tritonX-100 (Sigma Aldrich, Germany)

solution for 10 minutes. Nonspecific binding of phallotoxin was blocked with 1% Bovine

Serum Albumin (BSA) (Biosera, Nuaille, France) solution for 30 minutes.

After cell fixation, the staining solution of Phalloidin-iFluor 488 reagent has

been prepared by diluting it in PBS and 1% BSA at the ratio of 1:1000. Then, 100 µl

staining solution was added to the remaining 2 wells and samples were gently shaked

for at least 20 minutes to observe the actin cytoskeletons of cells. Then, Phalloidin-

iFluor was aspirated and cells have been washed 250 µl PBS twice. Hereafter, 100

µl DAPI counterstaining (Thermo Fisher Scientific) was added and the samples were

gently shaked for 5 minutes for labelling of the nuclei.
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4. RESULTS

PDMS substrates with flat NiTi surfaces were prepared to simulate the im-

plantable vascular nitinol stents. Then, ultrasound application has been performed to

cell lines cultured on NiTi surfaces. The effects of the ultrasound application in terms

of the cellular viability have been evaluated in this chapter.

4.1 Cell Viability Assay

The ultrasound effect on cell lines was examined by Alamar Blue (AB) Cell

Viability Assay. L929 fibroblast cells, and MCF-7 human breast cancer cells were

cultured on NiTi surfaces and tissue culture polystyrene (TCP) plates. To evaluate

the cell viability, AB assay was used after the first and second day of ultrasound

application. Additionally, after the ultrasound application, the temperature value of

each PDMS substrate has been measured and recorded to evaluate the temperature

effect owing to ultrasound exposure to the cell viability. The results of AB assay for

each cell have been statistically analyzed by GraphPad Prism 9. For this purpose, the

Kruskal-Wallis analysis was performed.

L929 fibroblast cell results were shown in below Figure 4.1. As a result of the

statistical analysis, there is no significant difference (p=0.694, Kruskal-Wallis statistic

value, H=4.721) between day 1 and day 2. Therefore, it can be concluded that ultra-

sound application has no negative effect regarding the cellular viability. Also, it was

proven that there is no toxic effect due to NiTi surfaces. Cellular activity on NiTi

surfaces has been maintained after the sonication.
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Figure 4.1 AB Reduction Rates of Fibroblasts.

Moreover, the cellular viability can be evaluated in terms of the temperature

effect. Since the ultrasound may cause heat-induced damage to cells at high frequencies

and/or high intensities, it was achieved to preserve cell viability by controlling the

temperature after the application. Due to the ultrasound exposure, the temperature

value of the samples can be changed. For fibroblast cell line, the recorded temperature

values are given below Table 4.1. It was obvious that the temperature was increased

at high intensities compared to lower ones.

Table 4.1
Temperature Results of Fibroblasts

Application Groups Temperature Results

Group I, 0.2 W/cm2, 1 MHz 30.8◦C

Group II, 0.2 W/cm2, 3 MHz 34.0◦C

Group III, 0.5 W/cm2, 1 MHz 38.1◦C

Group IV, 0.5 W/cm2, 3 MHz 35.2◦C

Group V, 0.75 W/cm2, 1 MHz 40.9◦C

Group VI, 0.75 W/cm2, 3 MHz 40.2◦C
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As a result of the AB cell viability assay, the cell viability has been increased at

day 2 for all dosages. Furthermore, the highest result was observed at low intensities,

0.2 W/cm2 compared to the other dosages. Also, the lowest temperature values have

been measured after the ultrasound exposure at low intensities for fibroblast cells.

Therefore, it was proven that the fibroblast cell lines can preserve their metabolic

activity after the low-intensity ultrasound application at low temperatures.

For MCF-7 human breast cancer cells, the results were given in below Figure 4.2.

Based on the statistical analysis, there is no significant difference (p=0.7101, H=4.588)

among day 1 and day 2. Therefore, it can be resolved that the cellular viability has

been retained after the sonication. Additionally, there is no adverse event regarding

the metabolic activity of cells due to the NiTi surfaces.

Figure 4.2 AB Reduction Rates of MCF-7 Cells.

Besides, the temperature values of MCF-7 cells are given in below Table 4.2.

Similar to fibroblast cells, the cell viability has been mostly increased at low densities

for MCF-7 human breast cancer cells at low temperatures.

Even if the test samples have been incubated at 37◦C, the ultrasound application

have been performed in the room temperature which is around 20-22◦C. That’s why

the temperature values can be decreased after the ultrasound application as it can
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be seen in the lower intensities. However, this temperature decrease has no negative

impact on the cellular viability for MCF-7 cells.

Table 4.2
Temperature Results of Fibroblasts

Application Groups Temperature Results

Group I, 0.2 W/cm2, 1 MHz 29.5◦C

Group II, 0.2 W/cm2, 3 MHz 29.7◦C

Group III, 0.5 W/cm2, 1 MHz 31.8◦C

Group IV, 0.5 W/cm2, 3 MHz 35.0◦C

Group V, 0.75 W/cm2, 1 MHz 38.3◦C

Group VI, 0.75 W/cm2, 3 MHz 39.9◦C

4.1.1 AO/PI Staining

Images taken from AO/PI-stained cells cultured on NiTi surfaces as shown in

below Table 4.3. The living cells are clearly visible in the first column while the dead

cells can be seen in the second column. The merged images are put in the third column.

Compared to TCP as an ideal environment, the distribution of the cells on NiTi

is mostly homogeneous. Cells exposed to ultrasound have been covered almost all NiTi

surfaces by proliferation. Moreover, fibroblast cells on NiTi and TCP are very similar

regarding the cell structure. There is no deformation observed due to NiTi. It has

been preserved as shown in below figures.

Additionally, cell viability was compared among the cells exposed to ultrasound

and the control group for the evaluation of ultrasound impact. There is no negative

influence on cells for all dosages. As a result of the ultrasound application, cell prolif-

eration and viability is higher at low intensities for both 1 MHz and 3 MHz frequencies

for fibroblast cells. For example, cell proliferation is higher at 0.2 W/cm2. Also, the

number of dead cells have been obtained more at high intensity ultrasound. Thus,
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fibroblast cell vitality can be preserved and retained concerning the impacts of the

ultrasound application and NiTi.

Figure 4.3 AO/PI Staining Results of Fibroblasts.
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In order to evaluate the cellular viability of MCF-7 cells, AO/PI staining images

have been taken. As it can be seen in below Table 4.4., MCF-7 cell structure has not

been damage after they were seeded on NiTi.

The cell growth should be prevented and/or kept under control during the rou-

tine treatment of the breast cancer. The cellular viability is higher on TCP, is an ideal

place for the cell growth, compared to NiTi surfaces as shown in below figures. There-

fore, it was proven that NiTi as a biomaterial has contribute to control the MCF-7

cancer cell growth.
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Also, regarding the ultrasound effect, MCF-7 cells exposed to the ultrasound

and control group was compared. Ultrasound can support to inhibit cell generation

on NiTi. It can prevent faster proliferation of the cancer cells based on the AO/PI

staining images below.

Figure 4.4 AO/PI Staining Results of MCF-7 Cells.
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4.1.2 Immunostaining with F-actin/DAPI

Images of F-actin and DAPI stained fibroblast and MCF-7 cells have been taken

as shown in Table 4.5. and 4.6. Thanks to Phalloidin- iFluor 488 Reagent, F-actin

filaments of the living cells are clearly visible in the first column. Also, DAPI were

used to dye cell nuclei of the living and fixed cells as shown in the second column. The

cellular viability can be observed in below figures.

Compared to TCP and other samples for the evaluation of the impact of NiTi

surface, there is no obvious difference for the distribution and/or the structure of
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the cells. Therefore, it can be accepted that NiTi has no negative impact on the

cell viability of fibroblast cell line. Also, the ultrasound effect can be evaluated by

the comparison the images taken from fibroblast cells which have been exposed to

ultrasound waves and the control group. There is no significant differences as it can

be seen in below images. Hereby, it was proven that the ultrasound application and

using NiTi as a biomaterial have not been induced any necrosis and deformation on

the fibroblast cell structure.

Figure 4.5 Immunostaining with F-actin/DAPI.
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For MCF-7 human breast cancer cell line, F-actin and DAPI stained has been

utilized as well. The cytoskeleton of the cells was clearly visible for each sample as

shown in the first column. Also, the nuclei of MCF-7 cells can be detected distinctly

in the second column.
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Figure 4.6 Immunostaining with F-actin/DAPI.
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5. DISCUSSION

Especially for the percutaneously implanted, permanent medical devices such

as vascular stents, the immune system response to the implant device should be con-

sidered strongly. In order to prevent any adverse events after the implantation, the

cell viability and endothelial cells proliferation are crucial. To enhance the endothe-

lization speed on the implant surface, two main criteria can be evaluated regarding the

design and fabrication of the implantable medical devices. One of them is using highly

biocompatible material such as nitinol. The other one can be applying the feasible

therapeutic approach like ultrasound.

Many of the research results showed that different cell lines can be impacted by

ultrasound regarding the cell viability. In order to investigate the effects of ultrasound,

it has been performed at different dosages for continuous and pulsed mode in a lot of

studies. Therefore, for L929 mouse fibroblast cell line, the findings can reveal that the

ultrasound application can enable to raise cell viability and prevent the cell damage

at low intensities comparing to the high intensities [7, 11, 12, 14, 18, 19]. In this thesis,

our results are also revealed that the highest cell viability is observed at low intensities

and low frequencies, 0.2 W/cm2, 1 MHz and 0.2 W/cm2, 3 MHz in comparison with

the high intensities.

Additionally, for MCF-7 human breast cancer lines, ultrasound therapy has been

applied to stimulate necrosis and/or prevent to cell growth. Researches indicated that

ultrasound can clearly affect MCF-7 cell growth at different intensities. For instance,

Wu et.al. [29] and Peek et.al. [25] claimed that applying high intensity focused ultra-

sound (HIFU) can lead to necrosis and severe damage for MCF-7 cells. On the other

hand, it was observed that MCF-7 cell lines has been damaged at low intensities as

well [22,23]. As a result of these researches, it can be concluded that ultrasound ther-

apy can induce the cell growth of MCF-7 cell lines at both low and high intensities.

According to our results, the cell growth can be inhibited by performing ultrasound
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to MCF-7 cell lines. Based on our findings, there is no significant difference among

the cell viability results at day 1 and day 2. Therefore, it can be claimed that the

ultrasound therapy can be utilized to control the cell growth while cellular viability is

maintained.
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6. CONCLUSION

Vascular stents are widely used to treat atherosclerosis, is an artery obstruction,

is a common cardiovascular disease. However, vascular stents are prone to restenosis.

After the implantation of the stent, new, innovative, and non-invasive approaches such

as ultrasound application can be performed to inhibit thrombus formation, in-stent

restenosis, and improve endothelization. Carotid stents can be a great candidate for

the ultrasound applications because they are superficial and easier to target during the

ultrasound applications.

For this purpose, in this thesis, the ultrasound has been applied to L929 mouse

fibroblast cells and MCF-7 human breast cancer cells, which are seeded on NiTi surfaces

placed into the PDMS substrates. PDMS can represent the vessel structure and NiTi

can behave as a stent deployed in the vessel. Afterward, ultrasound was exposed to

the target cells on NiTi to simulate the in-vivo conditions.

By applying different dosages of ultrasound, the impact of sonication has been

evaluated regarding cellular viability and endothelization accordingly. As a representa-

tive work of ultrasound exposure to NiTi-based stents after the implantation procedure,

two different cell lines have been utilized. For the preliminary examination, fibroblast

cells which have a major role in the tissue repair process have been chosen. It was aimed

to maintain cell viability and growth after the ultrasound. It has been performed at 6

different dosages and the highest viability for the fibroblast cells has been observed at

low intensities; 0.2 W/cm2, 1 MHz, and 0.2 W/cm2, 3 MHz.

In addition to fibroblast cells, MCF-7 human breast cancer cells have been

selected to see the different impacts of ultrasound because it is very crucial to inhibit

cell growth and/or observe the necrosis of cancer cells. Based on our findings, there

is no significant difference in cell proliferation after ultrasound exposure. Therefore, it

can be concluded that ultrasound therapy can help to control the growth of the MCF-7
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cells.

As a consequence of this first assessment, it was proven that ultrasound can

impact cell viability and proliferation since it has been applied to different cell lines

to detect the cellular activity on NiTi surfaces. While ultrasound can provide the cell

proliferation for fibroblast cells, it can help to control and inhibit cell growth for MCF-

7 cells. Therefore, it can be a representative and promising study to investigate the

effect of ultrasound both to observe endothelization and to prevent cell proliferation

that causes atherosclerosis.
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7. FUTURE WORKS

In this thesis, the results revealed that ultrasound therapy can induce cellular

viability. It is a promising method to obtain faster endothelization and prevent vessel

occlusion.

Further prospective studies will be conducted by applying repetitive ultrasound

to different cell lines such as carotid artery cells, or endothelial cells. More ultrasound

dosages in terms of various intensities and frequencies in different modes; continuous

and pulse modes, will be applied to find the appropriate range for the treatment.

Additionally, different stent types can be used to observe the ultrasound effect

regarding endothelization. For instance, a comparison study will be performed to

evaluate the ultrasound impact on bare metal stents and/or covered stents.

Furthermore, ultrasound therapy can be used with some other innovational ap-

proaches such as microfluidic systems. Since microfluidics provides an opportunity to

simulate several in-vivo conditions, it can be beneficial to detect ultrasound impact

to the dynamic microfluidic systems to mimic the human body environment such as

blood circulation.
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