CHARACTERIZATION OF AU, AU/GO AND AU/RGO
SURFACES FOR CAROTID ENDOTHELIAL CELL
PROLIFERATION BY ELECTRICAL IMPEDANCE

SPECTROSCOPY METHOD

Fatma Giilden Simsek

B.S., in Physics, Bogazi¢i University, 2008
M.S., in Biomedical Engineering, Bogazi¢i University, 2010

Submitted to the Institute of Biomedical Engineering
in partial fulfillment of the requirements
for the degree of
Doctor

of
Philosophy

Bogazi¢i University

2020



il

ACKNOWLEDGMENTS

I would like to express my gratitude and appreciation to my graduate supervisor
Prof. Dr. Yekta Ulgen, for his valuable support and guidance throughout my graduate

studies.

It was a pleasure for me that Assoc. Prof. Dr. Bora Garipcan was my supervisor.

He was always very helpful and thoughtful.

I also thank Assoc. Prof. Dr. Ozgiir Kocatiirk for his support and advices
throughout my studies.

I am grateful Assoc. Prof. Dr. Duygu Ege, Assist. Prof. Dr. Hakan Solmaz,

Prof. Dr. Lokman Uzun for their participance in my thesis committee.

I should also thank Prof. Dr. Burak Giiglii for his valuable answers to some
of my questions about the data processing. I would like to thank Ayse Sena Sarp for
her endless and precious support. She was always there when I needed. I also thank
to my friends, Ahu Tiirkoglu, Ahmet Atasoy, Ahmet Talag, Alp Ozgiin, Bengii Aktas,
Bige Vardar, Bora Biiyiiksarag, Burcu Tung, Didar Talat, Elif Kubat, Esin Karahan,
Fatma Zehra Erkoc, Gamze Ates, Hayriye Oztatl, Murat Tiimer, Muhammed Avsar,
Nermin Topaloglu, Osman Melih Can, Ozgen Oztiirk, Oznur Demir, Seda Dumlu,
Sabra Rosetami, Sezin Eren, Ulu¢ Pamuk and all the other friends, we shared so many
memories in BME. T am specially very thankful to my family; my mother, my father
and my brothers for their encouragement during my life. I finally and mostly thank to

my husband for his patience and support during my studies.

And my little daughter, Berra. I love you so much.



v

ACADEMIC ETHICS AND INTEGRITY STATEMENT

[, Fatma Giilden Simgek, hereby certify that I am aware of the Academic
Ethics and Integrity Policy issued by the Council of Higher Education (YOK) and I
fully acknowledge all the consequences due to its violation by plagiarism or any other

way.

Name : Signature:

Date:




ABSTRACT

CHARACTERIZATION OF AU, AU/GO AND AU/RGO
SURFACES FOR CAROTID ENDOTHELIAL CELL
PROLIFERATION BY ELECTRICAL IMPEDANCE

SPECTROSCOPY METHOD

Endothelium dysfunction may be the cause of cardiovascular diseases such as
heart attack, aneurysm, or atherosclerosis. Thus understanding endothelial cell prop-
erties helps explaining the reasons and treatment of cardiovascular diseases. Electrical
impedance spectroscopy (EIS) is a real-time tool for evaluation of cell behavior. In
this dissertation, human carotid artery endothelial cell (HCtAEC) proliferation on
graphene derivatives was analyzed through EIS,; optical images, Alamar Blue cell vi-
ability test and cell staining. Gold (Au) layers were deposited on glass surfaces by
using photo-lithographic technique and plasma enhanced chemical vapor deposition.
Graphene oxide (GO) was immobilized on Au electrodes through self-assembly mono-
layers (Au/GO). Hydrazine vapor reduction process was performed in order to obtain
reduced graphene oxide (rGO) surfaces (Au/rGO). Au, Au/GO and Au/rGO surfaces
were examined through SEM images and water contact angle measurements. These
coatings were performed on the electrodes used in EIS analysis. EIS analysis (100 Hz-1
MHz) was performed for HCtAECs cultured on the Au, Au/GO Au/rGO electrodes
for 10 days. Results showed that GO and rGO coatings did not prevent neither the
electrical measurements nor the cell proliferation. rGO had a positive effect on HC-
tAEC proliferation. The rate of increase of impedance change from Day 1 to Day 10
was nearly five-fold for all electrode surfaces. Alamar Blue assay performed to monitor
cell proliferation rates between groups, and rGO has shown the highest Alamar Blue
reduction value of 43.65 +8.79%. Acridine orange/propidium iodide (AO/PI) staining

showed that cell viability on electrodes was similar to tissue culture plate.

Keywords: Graphene Oxide, Reduced Graphene Oxide, Electrical Impedance Spec-
troscopy, Human Carotid Artery Endothelial Cell, Endothelialization
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OZET

INSAN KAROTID ARTER DAMARI ENDOTEL
HUCRELERININ AU, AU/GO VE AU/RGO
YUZEYLERINDE COGALMASININ ELEKTRIKSEL
EMPEDANS SPEKTROSKOPISI ILE
KARAKTERIZASYONU

Endotel fonksiyon bozukluklari; kalp krizi, anevrizma, ateroskleroz gibi bircok
kalp ve damar hastaliklarina yol acabilmaktedir. Bu nedenle endotel hiicrelerin 6zellik-
lerini anlamak; kalp damar rahatsizliklarinin sebeplerini agiklamak ve tedavisini gercek-
lestirmek ic¢in gereklidir. Elektriksel empedans spektroskopisi hiicre davraniglarini
degerlendirmekte kullanilan bir 6l¢iim metodudur. Bu tezde, insan karotid arter en-
dotel hiicrelerinin grafen tiirevleri iizerinde davraniglari elektriksel empedans spek-
troskopisi, optik goriintiileme, hiicre canlilik testi ve hiicre boyama teknikleriyle ince-
lenmigtir. Fotolitografi ve plazma destekli kimyasal buhar depozisyon ile cam yiizeylere
altin kaplama yapilmistir. Grafen oksit altin yiizeylere kendiliginden baglanma metodu
ile baglanmigtir. Hidrazin buhari grafen oksitlerin indirgenmesinde kullanilmigtir. Au,
Au/GO and Au/rGO yiizeyleri taramali elektron mikroskobu, suyun temas agisi 6l-
ciimii ve elektriksel empedans analizi yontemleriyle degerlendirilmistir. Insan karotid
arter endotel hiicrelerinin on giin boyunca Au, Au/GO ve Au/rGO yiizey elektrotlari
tizerindeki ¢ogalmasi elektriksel empedans spektroskopisi ile Ol¢lilmiistiir. Sonuglar,
grafen oksit ve indirgenmis grafen oksitin elektriksel 6l¢iimlere ve hiicre canliligima al-
tina gore engel olugturmadigini gostermigtir. Au/rGO yiizeyinin olumlu etkisi gozlen-
mistir. Biitiin elektrot yiizeylerinde, birinci giinden onuncu giine hiicre ¢ogalmasiyla
empedans degigimi yaklasik 5 kat artmigtir. Au/rGO yiizeyler, %43.6548.79 ile en yiik-
sek Alamar Blue indirgenme sonucu vermistir. AO/PI boyama analizine gore tigiincii

glinde hiicre canliligi tiim yiizeylerde ideal hiicre kiiltiir ortamina benzemektedir.

Anahtar Sozciikler: Grafen Oksit, Indirgenmis grafen oksit, Elektriksel Empedans
Spektroskopisi, Insan Karotid Arter Endotel Hiicresi
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1. INTRODUCTION AND THEORY

1.1 Motivation, aim and outline of the thesis

Cardiovascular diseases (CVDs) have the largest portion (31%-17.7 millions peo-
ple) of the overall causes of the death [13|. This number is expected to be 23.3 millions
in 2030 [14]. Nearly half of the deaths in Turkey (47.7%) [15] are because of the CVDs.
The most common CVDs are coronary heart diseases (7.3 millions of death) and stroke
(6.2 millions of death). The main reason of these diseases is endothelium dysfunction.
Endothelial cells are one of the basic components of blood vessels and play crucial
role in endothelium functions. Endothelialization process thus has been studied in nu-
merous studies from numerous aspects of the process such as developing bio-materials
for stent coatings. Graphene and graphene related materials are promising for their
potential as a bio-material. However there are contradictory results for their effects on
endothelial cells, the being toxic causing cell damage, and positively increasing cell pro-
liferation rate. Carotid artery is one of the arteries that is related to CVDs; its blockage
leads stroke. The blockage of blood flow in carotid artery is called stenosis. Stenting
procedure is performed in the treatment of stenosis. However, stent bio-compatibility
still needs to be improved to avoid in-stent restenosis. Graphene related materials are
barely studied as bio-materials for carotid artery stents. There are limited studies for
carotid artery endothelial cell proliferation on graphene materials. This study aims to

reveal the usability of graphene coatings in carotid artery endothelial cell proliferation.

EIS is a powerful tool for real-time monitoring of cell behaviour. A hypothesis
is that real-time monitoring stent-restenosis will enhance treatment processes [16]. EIS
can be promising for monitoring in-stent restenosis. To the best of our knowledge there

is no study on electrical analysis of carotid artery endothelial cells.

In this thesis, the electrical behaviour of carotid artery endothelial cell prolifer-

ation on graphene based surfaces was searched.



In Chapter 1, endothelialization in CVDs is summarized. Since graphene oxide
(GO) and reduced graphene oxide (rGO) were utilized in endothelialization process;
basic theory of graphene related materials with its recent applications on endothelial-
ization are considered. EIS, the method utilized for monitoring endothelial cells, is
briefly explained, electrical equivalent models for biological tissues used in literature

are listed.

In Chapter 2, processes for GO and rGO coating on Au surface and the results
for the characterization of the coated surfaces are indicated. The characterization meth-
ods include scanning electron microscopy (SEM), water contact angle measurements
(WCA) and electrical measurements. Also in this chapter, the production process
of EIS sensor used in electrical measurements is given. The preliminary cell culture

studies with fibroblast and osteoblast cell line are shown. The findings are discussed.

In Chapter 3, the methodology and results for human carotid artery endothelial
cell (HCtAEC) proliferation from day 1 to day 10 by EIS, Alamar Blue (AB) cell
viability assay, 4’, 6-diamidino-2-phenylindole (DAPI) and F-actin immunostaining,
cell count analysis from optical images and acridine orange /propidium iodide (AO/PI)

staining were presented. The results of the measurements are explained and discussed.

In Chapter 4, the conclusion of the study with future directions is given.

1.2 Endothelialization in Cardiovascular Diseases

The wall of the blood vessel consists of three layers; tunica intima, tunica media
and tunica adventitia (Figure 1.1). Anchored endothelium and the basal lamina con-
stitute intima layer [17]. Basal lamina acts as a scaffold for the arteries. It is covered
with endothelial cells at its side facing the blood (inner side) and with smooth mus-
cle cells at the outer side. Tunica media layer contains smooth muscle cells in large
amount; it also contains elastin and collagen [18]. Tunica media and tunica adventitia

are seperated by external elastic lamina. Tunica media acts in adjustments to the os-



cillations and maintenance of the vascular tone [19]. Tunica adventitia, a collagenous
structure, is the outermost layer of the blood vessel and contains fibroblasts, mast
cells, nerve endings [20]. Tunica adventitia provides nutrients to its surrounding tissue

through small blood vessels, that are called vasa vasorum [18]. Endothelium, consisting

Tunica adventitia

Fibtocollagenous tissue Fibrocollagenous tissue
with external elastic
lamina

Tunica media
containing smoott
Muscle Cells

— Fibrocollagenous tissue
Tunica— Internal
intima Elastic
Lamina

Endothelium

Figure 1.1 An illustration showing the basic structure of an artery [1].

of a mono-layer of endothelial cells, is the inner surface of the blood vessels and the
lymphatic system. Endothelium not only plays a preeminent role in the regulation of
vascular homeostasis, vascular tone, innate immunity, blood fluidity, thrombosis, fib-
rinolysis, angiogenesis, and inflammation |21], but also serves barrier function for the
blood from surrounding tissue [22|. Endothelium dysfunctions lead to various diseases
such as atherosclerosis, aneurysm, stroke, heart diseases, tumor growth, chronic kidney
failure, insulin resistance, diabetes, viral infections [21]|. Since endothelial dysfunction
is vital for these common and serious diseases; endothelial cells are prominent in ar-
terial functioning. Vascular implants such as by-pass grafts, heart valves and stents
are used for the treatment of these diseases. The implants have to be bio-compatible.
Endothelialization is the key factor in determining bio-compatibility. Researches on

endothelial cell have performed widely in numerous aspects [23,24]. The morphology



of endothelial cell varies according to its location in the vascular tree, but in general
terms, it has a thickness of 0.1-10 pm, 10-30 pm width and 50-70 pm length [17].
Figure 1.2 shows the three examples of endothelial cells in the vascular system; human
coronary artery endothelial cells, human carotid artery endothelial cells and human

dermal lymphatic micro-vascular endothelial cells. Atherosclerosis is mostly the un-

»
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Figure 1.2 Human coronary artery endothelial cells a) in cell culture conditions, b) transfected with
GFP plasmid DNA. Human carotid artery endothelial cell ¢) in cell culture conditions, d) immunos-
tained for von Willebrand Factor (green), nuclei are stained with propidium iodide (PI) (red). Human
dermal Lymphatic Microvascular Cells e) in cell culture conditions f) immunolabeled for CD31 /platelet
endothelial cell adhesion molecule-1 (green); nuclei are stained with PI (red) [2].

derlying reason of the CVDs [20]. Atherosclerosis is the occlusion of the blood vessel,
blocking the blood flow [25]. Stent deployment is a percutaneous coronary interven-
tion commonly used in reopening of the occluded blood vessel [26]. The endothelial
cell behaviour on stent is crucial. Stent endothelialization is a key process for its bio-
compatibility. Thus improving stent surface for endothelialization has been widely
studied [27-31]. When atherosclerosis exists in carotid artery, occlusion of carotid
artery cell may lead to stroke. Stenting procedure can also be utilized in carotid artery

intervention. Although, the very first stent material are stainless steel, other materials



such as nickel-titanium (Ni-Ti) (nitinol), cobalt-chrome (Co-Cr) have been utilized in
clinics for carotid artery [32]. Researches for titanium, platin-iridium [33|, tantalum,
magnesium [34] as stent material has been continuing [35]. The re-occlusion of the
blood vessel after stent implantation, which is called in-stent-restenosis still a problem
and studies are continuing for its inhibition. Stent endothelialization is the key step for
preventing in-stent restenosis. There are studies for improving stent endothelialization
through coating the stent metal with organic or inorganic molecules [36], modifying
stent surface with laser applications [37], varying stent geometry [38,39]. Graphene
based molecules have also been utilized in enhancing endothelialization [40-43]. In this
thesis, GO and rGO molecules were studied in their contribution to the carotid artery

endothelial cell proliferation.

1.3 Graphene

Graphene is sp2 hybridized carbon atoms constituted in hexagonal lattice form-
ing honeycomb structure. Carbon is a fundamental element for life, existing abundantly
in the nature. The flexibility of its binding structures gives diversity to carbon in its
physical properties. Graphite consists of sp2 hybridized carbon layers; each layer is
called graphene [44]. Graphene layer has a 2D structure and one-atom-thickness, due
to the planar form of sp2 hybridization. Graphene can form carbon nanotubes (1D)
when it is rolled. It can form fullerenes (0D) when pentagonal structures formed at
the edges resulting a ball shape. When it is stacked, it forms graphite, which is the
multi-layered graphene. These structures are seen in Figure 1.3 [3]. Graphene is widely
used in science and technology such as in energy storage [45], energy production [46],
catalysis [47], batteries [48], opto-electronics, solar cells, photovaltaics [49], water filtra-
tion [50], biomedical applications [51] including drug delivery [52], antibacterial activ-
ity [53], tumor therapy [54], anti-thrombogenic activity [55], endothelialization [56] etc.
The reason of its wide applicability is that graphene exhibits unique electrical, optical,
mechanical and thermal properties such as high electrical conductivity, high elastic-
ity and stiffness, high mechanical strength and transparency [12]. The basic physical
properties are listed in Table 1.1. Graphene based molecules can be listed as; GO [57],



Figure 1.3 Graphene and its forms as in graphite, fullerene and carbon nanotubes [3].

rGO [58], graphene quantum dots [59], graphene nanoribbons [3], graphene fluoride (flu-
orographene) [60], and the composites with other molecules such as Au/GO, Au/rGO,
Au/pristine graphene, ZnO/rGO, /Ti0,/rGO, Cu/rGO, NiO/graphene etc [61].

Table 1.1
Physical Properties of Graphene [12].

Property Value

Band gap Zero

Charger carrier mobility ~ 200 000 cm?/V.s

Specific surface area ~ 2530 m?/g
Tensile strength ~ 1100 GPa
Thermal conductivity ~ 5000 W/m.K

Transparency ~ 97.4 % GPa
Young’s modulus ~ 1 TPa

The outstanding physical properties stem from the sp2 hybridization of the
graphene [62]. In sp2 hybridization s, px, py orbitals form hybridized states and form
sigma bonds. The remaining pz orbital which is perpendicular to the planar plane,
forms pi bonds [63]. The planar plane is more stable and gives graphene its high
conductivity [64]. Through the plane the orbitals form strong bonds which makes the
graphene stiff, whereas through the perpendicular direction, i.e through the layers, the



weak van der Waals bonds give graphene its softness [59].

1.3.1 Synthesis of Graphene

There are several methods for the synthesis of graphene. Mechanical exfoliation
is the method used by Novoselov and Geim [65], who won the Nobel prize winner for
not only building graphene flake on 5 substrate but also determining its electrical prop-
erties. The synthesis method are categorized as top down and bottom up approaches.
Top down methods are; mechanical exfoliation, chemical exfoliation, chemical synthe-
sis, unzipping of carbon nanotubes, arc discharge. Bottom up methods are; epitaxial
growth on silicon carbide (SiC), chemical vapor deposition (CVD), plasma enhanced
chemical vapor deposition (PECVD), prolysis [64]. Mechanical exfoliation is the very
first method used for graphene synthesis. Exfoliation of graphite is the repetitive peel-
ing process in order to overcome the van der Waals bonding forces. In mechanical
exfoliation these forces are broken by mechanical energy and in chemical exfoliation by
chemical energy [66]. Mechanical exfoliation required much labor work thus it is not
available for mass production. It is rather preferred to study the physical properties
of the graphene [64]. The disadvantage for chemical exfoliation is the cost of ionic
solutions used in the process. In CVD, carbon containing gases are pyrolyzed by heat-
ing and then graphene layers are deposited on substrate materials using carrier gases.
Although CVD can produce larger sized flakes, it has small production scale [63]. In
CVD process, the difficulty in maintaining required environment for the production,
such as high temperature, ultra high vacuum environment is a disadvantage. Another
disadvantage is the intense labor required in isolating the graphene flakes form the
substrate which graphene is deposited on. Arc discharge is the direct current flow
through graphene electrodes to obtain the flakes. Another top-down method is un-
zipping carbon nanotubes in order to obtain the flakes. Chemical solutions [67], laser
ablation [68| and plasma etching [69] can be used for unzipping process. Epitaxial
growth of graphene on SiC is performed in ultrahigh vacuum chamber by heating the
SiC to high temperatures. Since the sublimation temperature of carbon is higher than

that of silicon, silicon sublimes at around 1500 °C, graphene layers remains on the



surface [70]. Exfoliation of graphite oxide is more easy than that of graphite because
oxygen groups increase the gap between the layers. Thus, another method to obtain
graphene is by reducing GO. GO can be obtained through oxidation (forms graphite
oxide) and ultrasonication of graphite, which is called Hummer’s method. Result-
ing GO molecules are reduced in order to achieve graphene-like molecule, which is
called as reduced graphene oxide (rGO). Oxidized form of graphene, GO, is more hy-
drophilic and acts as an insulator (sp2 hybridization is disrupted by functional groups)
whereas graphene is a good conductor. Thus by reduction of GO, electrical properties
of graphene is rendered by removing oxygen groups and recovering aromatic double
bonds. Nevertheless, the pure graphene properties can not thoroughly achieved due to
the limitations of the reduction processes and the defects occurring during the oxida-
tion of graphite oxide. However this defected property renders rGO its promising use

in sensors [71].

1.3.2 Graphene and Graphene Related Materials in Endothelialization

As various applications of graphene related materials, they were also utilized
for their contribution to endothelial cell behaviour. Pan et al, used heparin loaded
GO coatings on titanium surface. Decreased surface hydrophilicity by GO further
reduced with heparin [56]. Their results showed that GO enhanced adherence and
proliferation of endothelial cell compared to bare titanium. Since endothelialization is
crucial in stent bi-compatibility, any material that enhances endothelialization process
can be considered as a good candidate for stent material. Platelet aggregation and
smooth muscle cell adhesion are also parameters for indicating the applicability bio-
material on stent surface. Ge et al tested these parameters for docetaxel loaded GO
coating on stainless steel surface and revealed that the complex inhibited thrombosis
and smooth muscle cell proliferation [42]. Podila et al studied the graphene coating
on nitinol surface and detected increased rat aortic smooth muscle and endothelial
cell proliferation [43]. Cardenas et al coated stainless steel surface with reduced GO
by drop casting and analyzed the composite for human umbilical vein endothelial cell

(HUVEC) viability. They did not detect any significant toxicity of the rGO [41]. Zhou



et al utilized GO complex on polyethersulfone and detected increased human HUVEC
proliferation [55]. In another study, Yun et al showed increased HUVEC proliferation
with GO and rGO coated glass wafers compared to the cover slips [72]. These are
some of the examples revealing the positive effects of graphene and its derivatives to
the endothelialization. However, there are also contradictory results in the literature
showing the toxicity of GO and rGO to endothelial cells. Das et al added GO and
rGO flakes into the cell medium of the umbilical vascular endothelial cells. Both GO
and rGO decreased the cell viability and cell adhesion rates, rGO being less toxic
compared to the GO [73]. Lim et al also detected GO toxicity to the HUVECs when
incubated the cells with GO containing cell medium [74]. The incubation of HUVECs
in few layered graphene caused in reactive oxygen species formation, damage of cellular
components such as lipids, proteins, DNA and subsequently decrease in cell viability
[75]. Similar results reported by another group that 25 and 50 pg/ml of GO triggers
cellular mechanisms like reactive oxidative stress causing anti-angiogenesis, i.e; failure
in endothelial cell proliferation [76]. The difference of these contradictory results is
that the graphene-related materials ameliorate endothelial cell proliferation when the
cells are seeded on graphene and/or graphene composite coated surfaces, whereas if
the flakes are added into the cell medium (rather than coating on the surface which
cells adhere) they can be toxic and cause failure in cellular integrity and decrease in
cell proliferation rates. The main reason for this seems to be the concentration level
of graphene related material. The concentration level of graphene related materials
interacting with the cells is critical for their contribution to cellular mechanism; high

level of concentrations of graphene can be more toxic [77].

1.4 Impedance Spectroscopy

EIS is a powerful and non-invasive tool to monitor electrical properties and
interfaces with the electrolyte of any material [78]. The material can be liquid, solid,
ionic, semiconductors and dielectric and even a single cell [79]. In 1940s, Wallace Henry
Coulter declared the principles for measuring cell volume by electrical measurements.

He then patented Coulter Counter; a resistance based measurement at direct current
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(DC) for cell volume analysis [80]. Later on AC measurement technique speeded up and
became a powerful tool in biosensor analysis. Giaever and Keese pioneered this era with
their work in 1984 and called the method as electrical cell-substrate impedance sensing
(ECIS) afterwards [81]. They monitored cell adhesion on gold electrodes by applying
AC voltage and measuring resulting impedance. For electrochemical analysis there are
two types of measurement techniques: The faradic and non-faradaic forms of electrical
analysis [82]. In faradaic EIS, redox probe is used and the existence of cells on the
electrode impedes the redox process on the electrodes resulting increase in impedance
values [83]. Faradaic EIS measurements are highly sensitive but lack the repeatability
of the measurements due to the flow of ions in the solution. On the other hand non-
faradaic EIS; which is the case for ECIS systems, utilizes the cell adherence on the
electrode surface impeding the current flow [84]. This form of impedance measurement

also enables more detailed modeling of the cell behavior [85].

1.4.1 Basics of Electrical Impedance Spectroscopy

The characterization of any material can be performed by various techniques
such as optical, mechanical, chemical, electrically, or magnetic [86]. In electrical char-
acterization, any physical property of the system or the material is transformed into the
electrical domain. Each system responds in a unique manner to the applied electrical
signal. Through the electrical measurements, modeling information about the system
is obtained [87]. Electrical impedance (Z) is the ability of material for hindering elec-
trical current through it. In electrochemical impedance, small AC voltage is applied
and the current response is measured. The applied AC electrical potential is in the

form:

V(t) = Vm - (2rf - t) (1.1)

where V(t) is the time dependent voltage, Vm the maximum value of the voltage and

f is the frequency in Hertz. The resulting current is:

I(t) = Im - (27f - t + ¢) (1.2)
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Im is the maximum value of the current and ¢ is the phase difference between the
current and the voltage. For purely resistant components, ¢ is equal to zero. The
complex impedance Z is the ratio of the applied voltage to the resulting current in Eq.

1.3:
Z(t) = — (1.3)

Imaginary and real part of the impedance are X = Im(Z) and R = Re(Z), respectively.

7 can be written in form

Z(t) =Re(Z) + /Im(Z)) =R + ;X (1.4)
where j? = —1.In polar coordinates, with |Z| is the magnitude of, Z can be expressed
as:

Z(t) = |Z|e&'® = |Z|(cos¢ + jsing) (1.5)
and

Z| = VR? + X2 (1.6)

o= arctan()é) (1.7)

Z=Ilmpedance

Imaginary Components of Z

@
©

Re (Z)=Real compone'ms of Z

Figure 1.4 The imaginary, Im(Z) and real, Re(Z) components of the electrical impedance, Z. ¢ is
the phase-shift angle.
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1.4.2 Electrical Properties of Biological Tissues

Biological tissues and human body have been characterized by their electrical
characteristics through electrical measurements [88,89|. Tissues and biological cells
with applied electrical signal behave both as a conductor and an insulator. The con-
ductive behaviour of the biological tissue stems from the ionic compound of the tissue
such as intra-cellular fluids. The cell membrane and polar components of cells such as
proteins are related to the dielectric properties of tissue. As it will be seen in the next
section of this chapter, biological cells are modeled with resistive (R) and capacitive
(C) components. Due to its capacitive components such as cell membrane, biological
tissue has a time-dependent behaviour. Thus, EIS is more powerful for monitoring
cell behaviour rather than the direct current analysis. For example, when AC currents
applied in lower frequencies, the current flows through the cells. At low frequencies
capacitive reactance is high, thus the current can not pass through the cell membrane.
However, When the frequency increases, the capacitive reactance decreases and the
cell membrane allows the current flow through it. A simulation study in the literature
shows the electrical field distribution for cells adhered on electrodes (Figure 1.5). The
frequency-dependent behaviour of the biological tissue were analyzed in three different

dispersion regions as seen in Figure 1.6 [90].

Alpha («) dispersion occurs between the frequencies 1 Hz and 100 kHz [91]. Al-
though the mechanisms behind the alpha dispersion are not clear, conductance through
the gaps of the cellular membrane allowing ionic flow, double-layer cellular membrane
and the ionic content of the environment are suggested reasons by Schwan in [90]|. Beta
(B) dispersion region, from 100 kHz to 1 MHz, is related to the cellular structure of
the biological materials. At frequencies above 10 GHz, gamma (7) dispersion region is
characterized by the water, protein and salt content of suspension of the cells and the

biological tissue.
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Figure 1.5 Simulation showing electrical field lines for low (up) and high frequencies (bottom). The
Figure is from [4].
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Figure 1.6 Frequency based spectra of conductivity and relative permittivity of biological tissue.
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1.4.3 Electrical Equivalent Models of Biological Tissue

In non-faradaic electrical measurements of biological cells; electrode-electrolyte
polarization, the cell interior and the cell membrane, distance between the cells and
the substrate and distance between the cells are the main parameters used in electrical
equivalent models [5-7,81|. Electrode polarization impedance is generally modeled as
parallel combination of a resistance and capacitance. Since the capacitance is not ideal
when the biological cells adhere and proliferate on the electrode surface, a constant

phase element is preferred in the models as seen in Eq. 1.8.
ZCPE = Q_l * (JW)H (18)

where Q is the magnitude with unit S.sn/cm?, w the angular frequency and n (0<n<1)
is a constant describing inhomogenities; n=1 when the Zopg element is a pure capac-
itor. The cell membrane capacitance and the electrode-electrolyte capacitance were
modeled with constant phase elements due to their non-ideal behaviour [40]. Cho et al
modeled the growth of human mesenchymal stem cell on gold electrodes by constant
phase element for the electrode impedance (CPEdI), the cell layer impedance (a paral-
lel combination of a cell membrane constant phase element (CPEm) and extracellular

resistance) and a resistance due to the spread of the cell (Figure 1.7 ) [5]. The pioneers

— CPEel CPEm */\/\/\>

Rs

/AN

Re

Cell layer

Figure 1.7 Electrical model by Cho et al for human mesenchymal stem cell. Re was the extracellular
resistance, CPEm was the constant phase element for the cell membrane and CPEdl was for the
electrode impedance. Rs was the spreading resistance. The Figure is reproduced from [5].

of the ECIS study, Giaever and Keese in 1984 monitored the electrical response of the
fibroblast cell behaviour on the gold electrodes to the 0.1 V AC signal applied at 4 kHz.
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They evaporated gold electrodes on the bottom of polystyrene dishes [81]. They later
measured the micro-motion of the fibroblast cells in AC signal and modeled the current

pathways as in Figure 1.8 [92|. Wegener et al. utilized ECIS method to measure the

Rh (reaistance beiwean ceils)

Reslstance under cell

Figure 1.8 The schema of the cells on the gold electrode. The current pathways shown in solid line
and dashed line were through the space between the electrode surface and the cell, through the space
between the cells, respectively.

trans-endothelial and trans-epithelial resistances (TER). They showed the advantages
of the ECIS in measuring TER by comparing their results with the conventional TER
measurement method. The advantages were the availability to collect data from larger
area and at normal cell culture conditions. They modeled the TER in ECIS analy-
sis as in Figure 1.9 [6]. Goda in his study, in 2005, proposed a model similar to the

bulk electrolyte

R bulk

Epithelial cell

Rel ol @nolaT» O

L gold electrode j

equivalent circuit electrochemical
system

Figure 1.9 Cel was the capacitance for electrode-electrolyte interface, the resistance of the cul-
ture medium was Rbulk. The electrical equivalent of the cell mono-layer was represented a parallel
combination of a capacitor and the cellular resistance Rcl. The Figure was reproduced from [6].

literature containing polarization impedance Zp, cell medium resistance, Rbulk, and

cellular impedance, Zc. He also added to the model the impedance of the electrolyte
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between the cells, Zsol as a parallel combination of Rsol and Csol, corresponding to the
resistance between the cells and the capacitance between the cells, respectively (Fig-
ure 1.10) [7]. They studied the electrical contributions of the cell-to-cell distance (A)
and the cell-substrate distance (h). Zp was given as a function of h and Rbulk was a
function of A. Qiu et al also modeled cell-substrate gap resistance connected in parallel

to the cellular capacitance [93]. In most models for cells spreading on the electrodes,

Red Zsol:Medium Impedance

Zc:Cell Impedance

Zp:Polarization Impedance
O_{ 0

Xps(Cps) Rps  Rouk

o [

Figure 1.10 Zsol was the impedance of the electrolyte between the cells (with capacitance Csol and
resistance Rsol in parallel), Zc¢c was the impedance of the cells (capacitance of the cell membrane, Cec,
and the resistance, Re, of the cell membrane in parallel) Zp was the polarization impedance (with
capaticance, Cps, and resistance, Rps). Rbulk was the impedance of the cell culture medium. The
Figure was reproduced from [7].

the resistance of the gap between the cell and the substrate were used. It was named
as cellular resistance, gap resistance or seal resistance. T. Anh-Nguyen et al. modeled
MCF-7 breast cancer cells by cellular impedance in series with resistance of cell culture
medium and electrode impedance. Cellular impedance was modeled as seal resistance
in parallel to the the cell membrane resistance and capacitance, [94]. Wang et al mod-
eled the cell-subsrate gap impedance in series to the cell impedance [8]. For the lower
frequencies they simplified the model as the current flew through the resistances of the
cell and for higher frequencies the current flow was through the capacitive components
of the cells (Figure 1.11). As seen from above, there exist variations in the electrical
models for biological tissues. The reasons are the variations in the measurement set-
up, in the electrode geometry and material, and the cell type. However, the models
can be generalized in the form shown in Figure 1.12 [9,95]. The models mentioned
above are for the cell mono-layer growing and spreading on the electrode surfaces. In

impedance analysis of a single cell, rather than cell mono-layer spreading on the elec-
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Rﬂal’ Rzap

Cgap Ceel Ceel CW

Figure 1.11 The electrical equivalent model for Hela cells from [8]. Rgap stood for the resistance of
the cell-substrate gap, Cgap was the capacitance of the cell-substrate gap. Rcell was the resistance of
the gaps between the cells and Ccell was the capacitance of the cell membrane. At higher frequencies
the current assumed to flow through the capacitive components of the cells and at lower frequencies
through the resistive components of the cells [8].

Re

—
Cdl | Rs
Ce

Figure 1.12 A simplified electrical model of biological tissue. Cdl was the charge double layer
capacitance, Rc was the cell membrane resistance, Cc was the cell membrane capacitance. Rs was the
solution resistance. The figure was reproduced from [9].

trodes, another model was proposed. For a single cell trapped by dielectrophoresis,
J.-L.. Hong et al proposed a different model, where the resistance of the cytoplasm
was connected to the cell membrane capacitance, in series. The parallel path for the
current flow was the double layer capacitance and the constant phase element of the
solution as in Figure 1.13. [10]. In most of the ECIS studies, the electrical model may
vary; impedance normalization with cell growth medium is necessary. The normalized

impedance is calculated as in Eq. 1.9:

Zcell - ZNocell

NormalizedZ = * 100 (1.9)

ZNocell
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Figure 1.13 Single cell electrical equivalent model. Re was the resistance of the device, Cc was the
cell membrane capacitance, Rc was the resistance of the cytoplasm, Cdl and CPE were the double
layer capacitance and the constant phase element for the solution, respectively [10].

1.5 Graphical Representation of EIS

Graphical methods are used in the interpretation of impedance data regardless
of the electrical models [96]. The Nyquist plot, Bode plots and the Cole-Cole circles are
the common graph models in EIS. A typical Nyquist graph shows the imaginary and
the real components of the impedance. Bode plots are the representation impedance
value with respect to frequency. Impedance value can be Z, the impedance phase angle,
the normalized impedance magnitude, the corrected phase angle, the real component
of the impedance and the imaginary component of the impedance. Cole-cole plots
represent the real and the imaginary components of the complex capacitance or complex

permittivity with respect to each other [95].
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2. DESIGN AND CHARACTERIZATION OF EIS SENSORS

Preliminary studies and the electrode characterization were performed with elec-
trodes called EIS Sensor A, EIS sensor B and EIS sensor C. GO coating and reduc-
tion of GO were performed and analyzed through electrical, optical and water contact
analysis. The preliminary cell culture studies were performed by 1.929 cell line and
osteoblast cell line. Electrical characteristics of sensors were measured through re-
dox probe, potassium chloride (KCI) solution and cell culture medium and results are
presented as Cole plot and Bode plots. The Cell factor analysis were performed by

measuring the electrical conductivity of the KCI with changing density.

2.1 The Sensor Design

Photo-lithography technique was used to produce the Au surface electrodes for
further use as an EIS sensor. The geometry of the sensor A and B were constructed
using Adobe Illustrator program 2.1. The geometry of the sensor C was designed in
the Layout Editor program. The mask of sensor C was produced at UNAM, Bilkent.
EIS Sensor C consisted of a large electrode and a smaller circular working electrode
with a diameter of 2000 ym. The gap between the working electrode and the sensing
electrode was 1000 ym. The geometrical design is seen in Figure 2.2. The working
area for cell seeding and for measurements with redox solution was 1 cm?. Each sensor

consisted of eight working areas, i.e; sensory surfaces.

Borofloat 33100 mm (University Wafers, model ID: 2012) was used as glass
wafer. The thickness of the glass was 1000 pm. The cleaning process of the glass
wafers were sonication in ultrasonic bath with acetone, ethanol, and (deionized) dI
H50 for 5 min each. Ti-prime MicroChemicals GmbH, Germany) was coated onto the
glass wafers using the spin coater Brewer Science Cee 200 CBX (USA). The spin rate
was 5000 rpm for 50 s. Following, the substrate was baked at 120° C for 2 min. After
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Figure 2.1 EIS sensor a) A and b) B with graphical representation for ¢) A with indicating geomet-
rical parameters; diameter of the working electrode was 4800 um. The width of the counter electrode
was 2400 pm. The gap between working electrode and the counter electrode was 5200 ym and for
d) B with working electrode width was 800 um and the width of the counter electrode was 6900 pm.
The gap between the working electrode and the counter electrode was 1750 pum at the top and 1000
pm at the sides.

allowing the substrate to cool for 3 min, photo-resist (PR) AZ 5214 (MicroChemicals
GmbH, Germany) was coated on the surface by spin coating with a spin rate of 4000
rpm, for 40 s. The wafer was baked at 110°C for 50 s before mask alignment. The
substrate was exposed to ultraviolet light (UV) of density of 40 mJ/cm? through the
mask. Post bake was performed at 120°C for 2 s. For image reversal, the substrate was
irradiated 200 mJ/cm? UV light without mask. The PR was developed by stirring the
substrate at 100 ml aqueous solution of AZ400 K (MicroChemicals GmbH, Germany)
(4:1) for 70 s. Bruker Dektak XT profile meter was used to measure the thickness of the
PR 1200 + 20 nm. As a last step for the photo-lithography, the substrate was washed
thoroughly with dI H,O and dried under Ny. By plasma-enhanced vapor deposition
(Vaksis, TR), 200 nm of Au was coated on substrate following the formation of 60 nm
of Cr layer. The argon gas low rate was 20 sscm. Cr was used to adhere Au on the

glass. To obtain the electrode geometry, PR was dissolved in acetone for 8 min. The



21

1M

Figure 2.2 EIS sensor C and electrode dimensions. Each sensory surface consisted of 8 wells. The
diameter of the smaller working electrode was 2000 ym. The gap between the working electrode was
1000 pm and the maximum diameter of the counter electrode was 4870 pum (The Figure was used by
Simsek et al in [11]).

steps are shown in a schema seen in Figure 2.3. The electrode is dried and the working

Post radiation for image

reversal without mask, post
Ti-prime and AZ 5214 coating by spin bake and developing.

coating with required baking steps.

Glass Wafer gy Glass Wafer WM Glass Wafer I Glass Wafer g Cl3S Wafer

UV radiation through mask

and prebake. Crand Au
deposition and
lift-off

Figure 2.3 The schema of photo-lithography process for EIS production consisting of a 200 nm gold
(Au) layer on chromium (Cr) (60 nm coated on glass wafer. PR refers to AZ5214 photoresist (The
Figure was used by Simsek et al in [11]).

area of the electrodes for cell seeding are covered with ibidi 8 well sticky slides (ibidi
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GmbH, cat no. 80828) as seen in Figure 2.4. In order to connect to EIS sensor to
the instrument, nichrome wires were adhered to the connection pads using silver epoxy

(SRA:40-3900) as seen in Figure 2.4.

slide

Figure 2.4 EIS sensor C with a) ibidi sticky slides and b) nichrome wires connected to the contact
pads through silver epoxy.

2.2 SAM formation on Au surface, GO immobilization, and

reduction of GO

Self assembly mono-layer (SAM) method was used for GO immobilization on
Au surface. Hydrazine vapor reduction was performed in order to obtain rGO surfaces.
Au surfaces coated on the glass wafer were used as substrate material for GO coating.
The substrates were cleaned by UV-ozone treatment for 10 min [97]. In order to
remove oxygen molecules from the surface and to stabilize it, the substrates were
incubated in ethanol for 10 min [98,99]. Following ethanol incubation, the substrates
were cleaned with ethanol and dI H,O and then incubated in 10 mM of Cysteamine. HCI
(M6500, Sigma-Aldrich Inc., USA.) solution in ethanol for 4 h. The self assembled
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Figure 2.5 Schema showing the process of surface modification. (a) Cysteamine immobilization on
the Au surface. (b) GO flakes attached to the surface through amine groups of cysteamine. (¢) GO
reduction through hydrazine vapor reduction process (Hydrazine vapor at 40 °C) (The Figure was
used by Simsek et al in [11]).

cysteamine (Cys) on the Au surface was the linker molecule between Au and GO [100].
0.5 mg/ml aqueous GO (2 mg/ml, Sigma- Aldrich Inc., USA) solution was sonicated
for 15 min in order to form graphene flakes. The immobilization of GO on the Au
surface through cysteamine molecule was achieved by incubating the substrates in 0.5
mg,/ml sonicated aqueous GO solution for 1 h. Following the rinsing, Au/GO surfaces
were dried with N2 gas. As the reduction process, exposing GO to hydrazine vapor
was chosen [101]|. The substrates were incubated in hydrazine monohydrate vapor (95%
purity, Sigma-Aldrich). Au/GO surfaces were left in a sealed chamber with hydrazine
monohydrate to obtain Au/rGO surfaces. The chamber was placed on a hot plate at
40°C temperature. To achieve gradual reduction steps, the substrates were left in the
chamber for increasing time intervals, from 2 to 22 h. The steps for modification are

shown in Figure 2.5.
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2.3 Surface Characterization

The characterization of the surfaces were performed through SEM, water contact

angle (WCA) measurements and EIS analysis.

2.3.1 Scanning Electron Microscopy

The SEM images were obtained by Philips X1.30 ESEMFEG /EDAX at Bogazigi
University Advanced Technologies Research & Development Center. Au and Au/Cys.HCI1

surfaces are shown in Figure 2.6.

Acc.Y  SpotMagn - Det WD f——————] 1um ce:\ Det WD ] 1
200KV 30 50000 SE 93 500 K O0x SE 92

Figure 2.6 SEM image of a) Au surface on glass wafer coated by soft lithography method, b)
Au/Cys.HCI surface, 5X10* magnification. Scale bars show 1 ym.

The morphology of the flakes in GO surfaces seen in Figure 2.7 show that GO
flakes had been achieved (Figure 2.7b with 2X10* magnification) and the flakes uni-
formly distributed through the surface with no aggregation (Figure 2.7a).

The reduction was performed by incubating the Au/GO samples under the
hydrazine vapor for gradually increasing time duration, Au/rGO-2hrs, Au/rGO-4hrs,
Au/rGO-6hrs, Au/rGO-12hrs, Au/rGO-18hrs, Au/rGO-22 hrs are seen with 5X103
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Figure 2.7 SEM image of GO with magnification a) 5x10% magnification, scale bar shows 10 ym
and b) 2X10%, scale bar shows 2 pm.

magnification in Figure 2.8. It is seen that the reduction process did not cause any

visible damage on the surface.
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Figure 2.8 SEM image of a) Au/rGO-2hrs, b) Au/rGO-4hrs, ¢) Au/rGO-6hrs, d) Au/rGO-12hrs,
e) Au/rGO-18hrs, f) Au/rGO-22hrs surfaces with 5X103 magnification. Scale bars show 10 pm.
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In order to compare the conditions of the flakes visually before and after reduc-
tion process; Au/GO, Au/rGO-2h and Au/rGO-22 h are displayed in Figure 2.9 with
a magnification of 5X10%.

AmeV Spsthsgn  Der WO |
SO 10 SO0 SF 1

Figure 2.9 SEM images from a) Au/GO, b)Au/rGO-2h, ¢)Au/rGO-22h surfaces, with 5X10? mag-
nification. Scale bars show 1 pm.
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2.3.2 Water Contact Angle Analysis

The knowledge about the hydrophilicity and the hydrophobicity of the Au,
Au/GO and Au/rGO surfaces were obtained by water contact angle analysis (WCA).
The WCA measurements were performed by CAM 100, KSV at Chemistry Department,
Bogazigi University. The representative water droplets on Au, Au/Cys.Hcl, Au/GO
surfaces are seen in Figure 2.10 and on Au/rGO-2hrs, Au/rGO-4hrs, Au/rGO-6hrs,
Au/rGO-12hrs, Au/rGO-18hrs, Au/rGO-22 surfaces in Figure 2.11.

b) Au/Cys.HCI

Figure 2.10 Water droplet on a) Au, b) Au/Cys.HC], ¢) Au/GO surfaces.

Water contact angle measurements from surfaces Au, Au/Cys.HCl, Au/GO,
Au/rGO-2h, Au/rGO-4h, Au/rGO-6h, Au/rGO-12h, Au/rGO-18h, Au/rGO-22h are
presented with mean values and standard deviations in Figure 2.12 Au surface had a
relatively hydrophobic nature. In our study we obtained a WCA value of 69.75°4+10.03°
(n=7) for Au; which is similar to the values present in the literature [102]. After the
formation of the self-assembly of cysteamine HCI molecule on the gold surface, the

WCA value was reduced to 53.06° £+ 8.76° (n=7) [103]. GO immobilization decreased
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a) Au/rGO-2h

Figure 2.11 Water droplet on a) Au/rGO-2h, b) Au/rGO-4h, ¢) Au/rGO-6h, d) Au/rGO-12h, e)
Au/rGO-18h, f) Au/rGO-22h surfaces.
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Figure 2.12 WCA values measured for Au, Au/Cys.HCl, Au/GO, Au/rGO-2h, Au/rGO-4h,
Au/rGO-6h, Au/rGO-12h, Au/rGO-18h, Au/rGO-22h. Bars represent the mean values and error
bars are for the standard deviations. The contact angle measurement was performed using CAM, 100,
USA (The Figure was used by Simsek et al in [11]).

the contact angle to 35.99° £+ 15.04° (n=7) [104], resulting in a relatively hydrophilic
surface. 2h reduction process increased the hydrophobicity of the surface corresponding

to an angle 65.50° +2.42° (n=7) [41]. Since there was no significant difference in water
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contact angle value with incubation time, shorter duration was preferred. Thus, for

carotid artery endothelial cell experiments Au/rGO-2h surfaces was chosen.

2.3.3 EIS for Surface Characterization

The EIS sensors A and B were used in order to measure the electrical response
of the Au, Au/GO and Au/rGO surfaces. Redox probe, which is 0.1 M KCI solution
containing 10 mM K3Fe(CN)g/K4Fe(CN )g, was used as the measurement solution.
The Nyquist plots and Bode plots for Au and Au/GO surfaces with the Z and the

impedance phase angle are seen in Figure 2.13. The EIS sensor B was used in order
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Figure 2.13 The electrical impedance response of 0.1 M KCl solution containing 10 mM K35Fe(CN)g/
K,Fe(CN)g measured with EIS Sensors A and B, between frequencies 100 Hz and 1 MHz is seen in
a) Nyquist plot for EIS sensor A. b) Bode plot for EIS Sensor A. ¢) Nyquist plot for EIS sensor B. d)
Bode plot for EIS sensor B.

to compare the electrical responses of Au, Au/GO and Au/rGO surfaces. For the Au,
Au/GO and Au/rGO; Figure 2.14 shows the Nyquist plot and Figure 2.15 shows the
Bode plots.
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Figure 2.14 Nyquist plot of 0.1 M KCI solution containing 10 mM K3Fe(CN)g/ K4Fe(CN)g
measured with EIS Sensor B with Au, Au/GO and Au/rGO surfaces. The measurement frequency

range was from 100 Hz to 1 MHz.
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Figure 2.15 Bode plots a) with Z b) with impedance phase angle of 0.1 M KCI solution contain-
ing 10 mM K3Fe(CN)g/K4Fe(CN)g measured with EIS Sensor B with changing frequency. The

measurement frequency range was from 100 Hz to 1 MHz.

2.4 The Validation of the EIS Sensor C

The cell factor analysis were performed for varying concentrations of KCI solu-

tions with EIS sensor C. The KCI concentrations of solutions used in the measurements
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are listed in Table 2.1. The cell factor analysis were performed by dividing the mea-
sured impedance to the measured resistivity of the KCI solution. The resistivity of
the solution was calculated through the conductivity measurements by conductivity
meter. The impedance measured at 40 kHz frequency was used for the analysis shown

in Figure 2.16.

Table 2.1
Conductivity values of KCI solutions with varying molarities.

Molarity (M) Conductivity (mS,/m)

0.1 12.1
0.05 6.15
0.025 3.25

ECIS Sensor C-KCI Solutions
800
3
£ 6004 2_
o R“=0.9967
3
c 4007 Y =2,126"X + 1,249
B
&  200-
2
0 1 1 1 1 1 1
50 100 150 200 250 300 350
Resistivity (Ohm.m)

Figure 2.16 Linear regression of resistance and resistivity value of KCl solution. Resistance values
were calculated through impedance measurements obtained by the LCR meter. Resistivity values
were calculated through conductivity measurements obtained with the conductivity meter.

Measurement repeatability of the EIS sensor C was tested through the cell cul-
ture medium only measurements. The measurement was performed at 5 mV excitation
voltage, within the frequency range from 100 Hz to 1 MHz (Figure 2.17). The stan-
dard deviations of Z and © values from multiple wells of the same chip (n=8) and from

multiple wells of two chips (n=16) are seen in Table 2.2 and Table 2.3, respectively.
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Standard deviation of measured impedance (ST Dz (€2)) and impedance phase angle (ST Dg (°))

Frequency
1 kHz

4 kHz

5 kHz
10 kHz
20 kHz
40 kHz
100 kHz
200 kHz
350 kHz
1 MHz

from multiple wells of the same EIS C sensor (n==8).

Multiple wells of the same chip

Au Au/GO Au/rGO
STD,(€) STDe(°) STD,(Q) STDe(°) )STDz(2) STDe(°)
7.24 0.82 4.21 0.94 25.61 2.90
3.83 0.44 0.90 0.48 18.84 0.69
3.65 0.39 0.91 0.41 17.49 0.72
3.30 0.26 0.98 0.26 14.13 0.93
3.09 0.17 1.05 0.17 11.57 1.00
2.97 0.11 1.13 0.12 9.70 0.99
2.91 0.06 1.21 0.07 7.75 0.94
2.79 0.04 1.24 0.04 6.48 0.89
2.76 0.03 1.28 0.03 5.66 0.84
2.75 0.03 1.27 0.03 4.23 0.67

Table 2.3

Standard deviation of measured impedance (ST Dz (€2)) and impedance phase angle (ST Dg (°))

Frequency
1 kHz

4 kHz

5 kHz
10 kHz
20 kHz
40 kHz
100 kHz
200 kHz
350 kHz
1 MHz

from multiple wells of the two EIS C sensors (n=16).

Multiple wells of two chips

Au Au/GO Au/rGO
STDz(Q2) STDeg(°) STDz(Q2) STDe(°) STDz()) STDe(°)
7.75 1.34 18.75 3.40 24.61 2.58
3.40 0.73 2.95 2.08 15.03 1.32
3.21 0.64 2.22 1.82 13.87 1.24
2.89 0.41 1.29 1.15 11.06 1.09
2.72 0.24 1.40 0.66 8.99 0.99
2.61 0.13 1.54 0.32 7.50 0.88
2.51 0.08 1.51 0.08 6.02 0.76
2.41 0.07 1.42 0.08 5.11 0.67
2.37 0.08 1.37 0.10 4.59 0.61
2.36 0.14 1.28 0.10 3.72 0.47
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Figure 2.17 Bode plots for HCAtECs growth medium measured with EIS sensory surfaces for Au,
Au/GO and Au/rGO. Error bars represent the standard deviations from measurements from the wells
of the same EIS C (n=7) (up) and the from wells of two different EIS C (n=14) (bottom).

2.5 Preliminary Cell Culture Studies

EIS sensors A and B were used in order to test the measurement quality. .929
cell line and osteoblast cell line were used in the preliminary electrical analysis of cell
proliferation 2.18. Figure 2.19 shows the fibroblast and osteoblast behaviour on EIS
sensor B and HCtAECs behaviour on EIS sensor C. The normalization for impedance
magnitude (Z) was calculated as in 2.1. The normalized value of Z is referred as

relative change in impedance magnitude with respect to "No cell" condition as the
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cells proliferate.

Zce -7 oce
AZpay, % = —<lpavs  ZRocell 0 (2.1)
ZNocell

The phase angle correction was performed by subtracting the phase angle of the cell

medium from that of following experimental day. The equation is 2.2.

0 = eDayx - eNocell (22)

Figure 2.18 Fibroblast cell line on EIS sensor B on day 1 (A) and on day 8 (B). Osteoblast cell line
on day 7 (C) and on day 11 (D).
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Figure 2.19 Z and © angle values for fibroblast (up-left), for osteoblast (middle-left) measured with
EIS sensor B. Relative impedance change AZn,cen (%) and corrected phase angle (©').

2.6 Conclusion

The surface characterization through SEM images and WCA analysis verified
that the modification was achieved. The WCA results consistent with the literature
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and the SEM images, showed the presence of GO and rGO molecules on the Au surface.
The results showed that gold surface had a hydrophobic nature. In an early study, gold
evaporated on glass and sealed in a chamber had a water contact angle value of 90,
then decreased to 10 with UV irradiation, then increased to 70 after 10 min of ethanol
incubation. UV /ozone treatment removes organic contamination and oxidises the Au
surface. Following, ethanol incubation reduces the gold oxide [98]. Those results are

consistent with the thesis findings.

In our experiments, the contact angle value of rGO surface was measured to
be similar to that of the gold, where GO had a lower contact angle value, i.e; more
hydrophilic. This is a known fact that the GO is more hydrophilic than rGO, which
is a form more similar to the graphene itself as mentioned in Chapter 1. The reason
for the increase in the contact angle after the reduction process may be attributed to
the reduction in oxygen functional groups that are high energy level-binding sites [12].
Thus by reducing the GO, the surface energy was lowered. Robinson et al studied
the effect of reduction level to the surface chemistry of the rGO. They showed that
the increase in exposure time to hydrazine vapor decreased the high-energy binding
sites [71]. In this thesis, although incubation time did not significantly alter the water
contact angle results, there was a slight increase with incubation time. SEM images
of GO coated Au surface and rGO showed the uniform distribution of the flakes. The
curtain-like structure confirms the flake formation. There was no visible aggregation
of the flakes. For electrical contributions of GO and rGO coated Au and bare Au elec-
trodes, frequency dependent measurements were performed. To characterize electrical
impedance of the three electrode surfaces used (Au, Au/GO and Au/rGO), the redox
solution, 0.1 M KCl solution containing 10 mM K3Fe(CN)g/K4Fe(CN)g was used as
the measurement solution. This is the redox probe used commonly in the literature
for electrode characterizations [105,106]. Results showed that at lower frequencies the
electrical impedance of Au was larger than the Au/GO (Figure 2.13). In order to
compare electrical characteristics of Au/rGO, EIS sensor B was used after Oy plasma
treatment (Figure 2.14 and Figure 2.15). Oy plasma reduced the impedance value of
gold surface. (The surface also became highly hydrophilic with O, plasma treatment,
not shown in here). Thus Au/GO had larger impedance value than Au-O, plasma
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treated electrode. Au/rGO had the lowest impedance value. These results are consis-
tent with the literature since rGO has lower impedance values (higher conductivity)
compared to GO; Xu et al showed that rGO was more conductive than GO (300 to 105
fold depending on the reduction process) [101]. The reason of higher impedance values
of Au/GO surface is because oxidized components of the GO surface decrease the elec-
trical conductivity, as mentioned in Chapter 1. Another study by Zong and coworkers
showed that GO coating on Au surface increased impedance values and the reduction
of GO rendered a decrease in impedance [107,108|. However these electrode character-
istics contribute to the electrical measurements at lower frequencies. The impedance
values decrease with increasing frequency and both the impedance and phase angle
converged to similar values for Au, Au/GO and Au/rGO surface; the converged value
is supposed to be the resistance of the cell culture medium. At higher frequencies, the
electrode impedance vanishes and the electrical characteristics of the solution or ana-
lyte dominates. Electrical characteristics of the electrodes were shown in the literature
with redox solutions [109]. However cell proliferation measurements were performed
in cell growth medium. The Bode plots of cell culture medium measured with EIS
sensor C showed no significant difference in the magnitude and distribution of Z and
© (Figure 2.17). The cell culture medium is the solution in which "No cell" measure-
ments were performed. In addition to the similar electrical response of Au, Au/GO and
Au/rGO with cell culture medium, any possible variations due to electrode surface can
be eliminated with normalization process. Normalization with respect to cell medium
is a common step in EIS analysis for cell behaviour [94]. Also in order to stabilize
the surfaces, the electrodes were incubated in the growth medium for 24 hours and
then the medium was changed prior to "No cell" measurement. Lastly, in our study,
we performed statistical analysis at frequencies, above 4 kHz, the ranges used in the
literature for impedance monitoring of cells [81,94,110,111]. Above this frequency
range the electrode polarization impedance vanishes. The sensor reproducibility were
examined through standard deviations for Au electrode surface on EIS sensor C. The
measurements were performed from all eight wells of the same sensor and from six-
teen wells of the two different sensor with cell medium. In Table 2.2 and Table 2.3,
the standard deviations show that the electrical response of the sensors are similar to

each other for cell medium. Thus, the measured impedance changes would be regarded
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as because of the cell adhesion and proliferation at larger frequencies. In a recent
study, three-dimensional conformation of graphene was used as an interface for the
EIS measurements. Although the graphene had contribution to their electrical model,

they analyzed the results with change in impedance from the previous measurement

day [112].

The preliminary cell culture studies with EIS sensors A, B and C verified the
systems availability for monitoring cell behaviour in constructed experimental set-up

(Figure 2.19). There was significant increase in impedance with cells on the electrode.



39

3. ANALYSIS FOR HUMAN CAROTID ARTERY
ENDOTHELIAL CELL PROLIFERATION ON ELECTRODE
SURFACES

3.1 Materials and Method

3.1.1 Cell Culture

HCtAEC (Cell Applications Inc., CA-USA) were seeded in T25 cell culture
flasks (Corning, USA) and allowed for growing under the conditions of 5 % COs and
95 % air at 37.0 °C. Human Meso-Endo Growth Medium (212-500, Cell Applications
Inc., CA-USA) was used as cell growth medium as suggested in the protocol [113].
The medium was refreshed every other day until the cells achieved confluence. Prior
the cell seeding, the EIS sensors were sterilized by rinsing with 70% ethanol and then
by exposing to UV light for 30 min. In order to seed the cells onto the EIS sensors,
they were trypsinized with 0.25 % trypsin-EDTA solution (Sigma, St. Louis, MO,
USA). 5000 HCtAECs, between passages 5-8 were seeded in each well in 300 ul growth

medium.

3.1.2 Electrical Impedance Measurements

Impedance spectroscopy analysis was performed with an HP 4284A LCR meter.
The connections between surface electrodes and the LCR meter were achieved through
Kelvin clips. The experimental set-up is seen in Figure 3.1. The measurements were
performed between frequencies 100 Hz and 1 MHz, at 5 mV excitation voltage. Z and
phase angle values were recorded in the measurements. Three consecutive measure-
ments were performed for each well. The average of three measurements were used in
the analysis. After the sterilization process of the EIS sensor, 300 ul of cell medium

was added on each electrode. The sensors were placed in the incubator and incubated
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Figure 3.1 Experimental EIS set-up for measuring cell proliferation on EIS sensor.

for a day prior to the measurements. In the electrode fabrication processes, consecutive
70 % ethanol washes and UV light for sterilization may cause variations in the sur-
face electrical properties. In order to stabilize the surfaces, one day incubation in cell
medium was performed. After the incubation process, the cell medium was aspirated
and 300 pl fresh medium was added into each well. Initially, electrical measurements
were performed for the medium only, which was then used in calculating the electrical
parameters. The medium only measurements were referred to as "No cell" conditions.
Following the no cell measurements, the cell medium was aspirated and then, the cells
were seeded on each well, in a 300 pl cell culture medium. The electrodes were then
placed in the incubator and the cells let for adhesion for overnight. The next day, prior
to electrical measurements, the medium was aspirated and 300 pl fresh medium was
added on each well. The measurements were repeated on day 3, day 5, day 7, day 9
and day 10 of the experiment, each time by refreshing the medium. In order to elim-
inate temperature effects on the electrical measurements and keep cells at incubation
temperature, electrode plates were kept on a hot plate at 36.0°C and the room set to

24.0 °C. The temperature was checked using the Raytek thermometer.



41

3.1.3 Optical Images of HCAtECs on Au, Au/GO and Au/rGO electrodes

The cells were imaged under a Nikon Eclipse LV150 microscope and HIROX on
day 1, day 3, day 5, and day 10. For counting analysis, a specific area was chosen
on the working electrode of each well. The reason is that, the contribution of a small
working electrode on the electrical signal was expected to be higher, compared to
counter electrode. 12 samples for each electrode surfaces were used for cell count

analysis. The ImageJ program was used to manually count the cells from images.

3.1.4 Alamar Blue (AB) cell viability assay

In order to determine cell viability, AB assay (Bio- Rad, Inc.) was performed to
examine the cell viability on Au, Au/GO, and Au/rGO surfaces. As testing protocol
suggested, 10% of the cell culture medium, which was 30 ul, AB solution was added
onto the EIS sensors containing cell media. 30 ul of AB solution was also added into
300 pl of cell medium which is placed in tissue culture plate (TCP) for calculation of
AB reduction value. The sensors and the cell medium with AB solution containing
medium were then placed in a humidified environment of 5 % CO, and 95 % air,
at 37.0 °C and incubated for 3.5 h. After the incubation period, 100 ul of the AB
containing cell culture medium from each sample including the control was transferred
to the 96-well plates. Absorbance was measured with 100 ul volume samples, at 570

nm and 595 nm wavelengths, by using a microplate reader (Bio-Rad Mark, Microplate

Reader, USA).

3.1.5 Immunostaining with 4’, 6-diamidino-2-phenylindole (DAPI) and F-

actin

At the last day of the cell incubation period, day 10, immunostaining with DAPI
(Thermo Fisher Scientific) and Alexa Fluor 488 Dye (Invitrogen) were used. Since the

dyes are toxic, the cells need to be fixed prior to staining. As a first step of the fixation
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process, the cell medium was removed and washed twice with PBS. Then, 100 ul of
4 para-formaldehyde solution in PBS with a pH level of 7.3 were added onto it and
incubated with the adherent cells, for 10 min. The incubation of the samples was on
a gentle shaker at room temperature. The fixing solution was then removed and the
samples further washed twice with PBS. Later, 100 ul of 0.1 % TritonX solution in PBS
was added onto the samples, and the samples were incubated for 5 min. The samples
were then rinsed again with PBS twice, prior to the incubation with 100 ul of 1 %
bovine serum albumin (BSA) in PBS with 0.1 % Tween 20. As a last step of fixation,
the samples washed with PBS twice. For staining, the fixed cells were stained with
Alexa Fluor 488 and DAPI [114,115]. The staining solution of Alexa fluor 488 (100 pl),
prepared with 15 ul of phallotoxin per milliliter of 1 % BSA solution in PBS, was added
to the fixed cells. After the incubation of the dye added samples at room temperature
for 20 min in the dark, on a gentle shaker, the staining solution was aspirated. Then,
rinsing samples twice with PBS was performed. The cells were stained with DAPI.
DAPI stock solution was prepared prior to the experiment. DAPI was dissolved in
methanol according to the manufacturer’s protocol. 2.1 ul solution in methanol was
diluted with 100 ul of PBS. In order to obtain staining solution, this stock solution
was again diluted 1:1000 in PBS. 100 ul of DAPI staining solution was added onto the
cells and incubated for 3 min, in the dark, on a gentle shaker. DAPI solution was then
removed and the samples were washed with PBS twice. The stained cells in 100 pul of
PBS were then imaged under a fluorescence microscope (DMIL, Leica, Germany) with

blue filter for F-actin and violet filter for DAPI.

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

AQO and PI are dyes that bind to nucleic acid. AO can penetrate through both
the living cells and dead cells whereas PI can only enter dead cells. AO stains all cells
and generates a green fluorescence. For the staining protocol, 1 pul stock solution was
dissolved in 1 ml PBS solution. The stock solution was 5 mg/ml AO in ethanol and 3

mg/ml PI in ethanol. On day 3 of the incubation, 1 ul of staining solution was added on
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HCAEtCs. The samples were gently shaked and than the staining solution aspirated.
Since dyes are toxic to cells, each sample was stained prior to imaging. Fluorescent
images were obtained by using Leica fluorescence microscope (DMIL, Leica, Germany)

using green filter.

3.2 Results for HCtAECs Proliferation on Au, Au/GO and
Au/rGO Surfaces

3.2.1 EIS Analysis Results

The electrical measurements, i.e. EIS analyses were performed with 5 mV AC
excitation voltage, between frequencies 100 Hz and 1 MHz for monitoring the behavior
of the HCtAECs cultured on sensory surfaces. Results are shown with Bode plots of Z,
O, corrected phase angle and normalized impedance with respect to cell medium and
day 1. Normalized impedance parameters were calculated to compare the electrical
characteristics of the cells on Au, Au/GO, Au/rGO and electrodes. These normal-
ized values were interpreted as the relative changes in impedance. Relative impedance
changes with respect to cell medium (i.e., no cell condition (AZy,cen (%)) were calcu-
lated from Eq. 2.1. On the other hand, relative changes in impedance with respect to

Day 1 (AZpay, (%)) was calculated from Eq. 3.1:

ZcellDayx - ZDayl

AZpay, = 100 (3.1)

ZDayl

A typical example for electrical response of HCt AECs proliferation on Au, Au/GO and
Au/rGO electrodes is seen in Figure 3.2. Impedance characteristics of HCtAECs on
Au, Au/GO, Au/rGO surfaces from two different wells from day 1 to day 10 are seen
in Figures 3.3 and 3.4. Results showed that, as the cells proliferate on the electrode, Z
increased, as expected. The mean Z and the phase angle of six wells are presented in

Figure 3.5.
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Figure 3.2 Representative Bode plots of HCAtECs proliferating on Au, Au/GO and Au/rGO elec-
trodes from no cell, day 1, and day 10. Error bars stand for multiple measurements from the same
well of EIS C sensor.
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Statistical analyses were performed for the corrected phase angle (©'), impedance
change rates from no cell (AZyocen (%)) and from day 1 (AZpg, (%)). GraphPad
Prism version, GraphPad Software, La Jolla California USA, (www.graphpad.com)
was used for statistical comparisons. Kruskal wallis and Dunn’s post hoc test were
performed for all comparisons. The AZp,cen (%) for frequencies 4 kHz, 5 kHz, 20
kHz, 40 kHz, 100 kHz, 200 kHz, 350 kHz and 1 MHz with statistical results are shown
in Figure 3.6. AZpgy, (%) graphs for Au, Au/GO and Au/rGO surfaces are shown
in Figure 3.7 with statistical results. ©" values were used in the analysis as described
in Eq. 2.2. The corrected phase angle graphs for frequencies 4 kHz, 5 kHz, 20 kHz,
40 kHz, 100 kHz, 200 kHz, 350 kHz, 1 MHz are shown in Figure 3.8; with statistical

results.



49

4 kHz 5 kHz
60
o ™M - Au 60 ™~ - Au
—~ ns
X 5 = Ao 9 ™ = = AUGO
<~ 404
s 40 p=0,0212 MW AuGO =~ 40 pe00225 = AurGO
o ns 8
§ 20 p=0.0316 mM o . |£|
N rf 201
< <
Day1 Day3 Day5 Day7 Day9 Day 10 Day1 Day3 Day5 Day7 Day9 Day 10
20 kHz 40 kHz
409 s - A 307 - O
ns _ u S m Au
—_ — —_ -
X 30 = = AUGO L = AUGO
~ = Au/rGO ~ 204 = Au/rGO
— ns - ns
8 20- — ] -
[°] ns o B
z ns -7 z 10_
g N i ﬁ T II‘ I‘
0 I[Ii 1 1 1 1
Day1 Day3 Day5 Day7 Day9 Day 10 Day1 Day3 Day5 Day7 Day9 Day 10
100 kHz 200 kHz
25 20
m Au m Au
—_ ns - — S
o\° 204 s = Au/GO a\° 15 L = Au/GO
~ 154 = AurGO ~ = Au/rGO
E ns E 10 s
9 10 s ) =
r4 r4
'2 P I%l 5 s
Day1 Day 3 Day5 Day7 Day9 Day 10 Day1 Day3 Day5 Day7 Day9 Day 10
350 kHz 1MHz
154 10
s N Au ns m Au
—_— ns —_—
_ = Au/GO 8 = Au/GO
°\° = e\° ns, ns
~~ 101 = AurGO ~ = AulrGO
% ns % 6 p=0.0405
o s o ns
] )
Z 5 ns Z ¢ ns
N N
< q 2
Day1 Day 3 Day5 Day7 Day9 Day 10 Day1 Day3 Day5 Day7 Day9 Day 10

Figure 3.6 Rate of change of impedance with respect to cell medium (AZnocerr (%)) for each type of
electrode surfaces Au, Au/GO and Au/rGO; at 4 kHZ, 5 kHz, 20 kHz, 40 kHz, 200 kHz, 350 kHz and 1
MHz. Data presented show mean + SEM (n= 12); p values are shown according to the Kruskal-Wallis
and Dunn’s test post hoc test and all other remaining pairwise comparisons are non-significant.
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Figure 3.8 Corrected phase angles for each type electrode surfaces Au, Au/GO and Au/rGO at

4 kHZ, 5 kHz, 20 kHz, 40 kHz, 200 kHz, 350 kHz and 1 MHz. Data presented show mean + SEM
(n= 12); p values are shown according to the Kruskal-Wallis and Dunn’s test post hoc test, all other

remaining pairwise comparisons are non-significant.
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3.2.2 Cell counting

Optical images of cells throughout the experiment, taken by Nikon Eclipse
LV500 microscope and Hirox 3D digital microscope KH-8700. The cell counts were
performed through the images. ImageJ software was used for manual counting of cells.
The images were obtained on Day 1, Day 3, Day 5, Day 7 and Day 10, as presented
in Figures 3.9, 3.10, 3.11, 3.12 and 3.13 . For each day and for each group, 14 images
were analyzed. The cell count analysis is displayed in Figure 3.14: an increase in the

population of cells is observed from the 1st day until the 10" day.

W

Day 1-Au/rGO Day 1-Au/rGO

Figure 3.9 Representative optical images taken by Nikon Eclipse LV150 microscope (5X) of HCtAEC
from the Au, Au/GO and Au/rGO surfaces on day 1. The images are from the area between the large
counter electrode and the small working electrode (left) and from the large counter electrode (right).
Scale bars are 100 pm.
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Figure 3.10 Representative optical images taken by Nikon Eclipse LV150 microscope (5X) of HC-
tAEC from the Au, Au/GO and Au/rGO surfaces on day 3. The images are from the area between
the large counter electrode and the small working electrode (left) and from the large counter electrode

(right). Scale bars are 100 ym.
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Figure 3.11 Representative optical images taken by Nikon Eclipse LV150 microscope (5X) of HC-
tAEC from the Au, Au/GO and Au/rGO surfaces on day 5. The images are from the area between
the large counter electrode and the small working electrode (left) and from the large counter electrode

(right). Scale bars are 100 ym.



25

Figure 3.12 Representative optical images taken by Nikon Eclipse LV150 microscope (5X) of HC-
tAEC from the Au, Au/GO and Au/rGO surfaces on day 7. The images are from the area between
the large counter electrode and the small working electrode (left) and from the large counter electrode

(right). Scale bars are 100 pm.
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Figure 3.13 Representative optical images taken by Nikon Eclipse LV150 microscope (5X) of HC-
tAEC from the Au, Au/GO and Au/rGO surfaces on day 10. The images are from the area between
the large counter electrode and the small working electrode (left) and from the large counter electrode

(right). Scale bars are 100 pm.
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Figure 3.14 Cell counts from 0.01 cm? of the smaller electrode surface (n=14). Data show mean =+
SD; *p<0.05, ns for non-significant according to the Kruskal-Wallis and Dunn’s post hoc test.



3.2.3 Cell Viability Assay

On Day 10, AB assay was performed in order to compare the cell viabilities
results on electrode surfaces (Figure 3.15). The test could not be performed on other
EIS measurement days because the AB test process, following the EIS measurements,
disturb the cells causing the cell detachments due to several PBS washes which must
be done during the AB test. Thus, it was preferred to perform the test at the last EIS
measurement day, after the EIS measurement. For statistical analysis, non-parametric
Kruskal-Wallis, and for multiple comparisons of Au, Au/GO and Au/rGO surfaces,
Dunn’s test were performed. Test results showed that although the cell viability on

Au/GO and Au/rGO surfaces did not significantly differ from each other, Au/rGO

surface had significantly higher cell viability rate (p=0.0001) than Au surface.

p=0.0001
60=-
p=0.0017
> ]
=  40- l
re)
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HE Au
= Au/GO
= Au/rGO

Figure 3.15 AB reduction value for HCAtECs on Au (n=11), Au/GO (n=12) and Au/rGO surface
(n=12) on day 10. Bars and error bars show mean + SD; According to the Kruskal-wallis test
and Dunn’s test for multiple comparisons, significant difference between Au and Au/GO surface
(p=0.0017), significant difference between Au and Au/rGO surface for cell viability (p=0.0001). ns:

no significant difference between other groups.
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3.2.4 AO/PI Staining

To verify the existence of dead cells on the surfaces, AO/PI staining was per-
formed. 5X10° HCAtECs were seeded on the Au, Au/GO, Au/rGO surfaces and the
tissue culture well plates. The staining was performed on day 3. The stained cells on
the surfaces are shown in Figure 3.16. The green stained cells are the alive cells and
the red coloured cells are the dead cells. The alive and dead cells were counted through
optical images obtained from at least 3 different locations of the images. The ratio of
the living cell number to the sum of alive and dead cells is calculated by the formula:

(Live Cells/(Live Cells + Dead Cells)*100, and shown in Figure 3.17.

Figure 3.16 Acridine (AO)/Propidium (PI) stained HCAtECs on Au, Au/GO, Au/rGO surfaces
and TCP on day 3. The images were obtained by DMIL, Leica florescent microscope. Alive cells are
in green and dead cells are in red. Scale bar is 200 pm.
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Figure 3.17 The percentage of alive HCAtECs to all HCAtECs calculated through cell counts of
the AO/PI stained HCAtECs on day 3 (n=2).

3.2.5 Fluorescent staining for nuclei and F-actin visualization of HCtAECs

In order to confirm cell confluency and reveal cell morphology DAPI and F-
action staining were performed. In Figure 3.18 the actin filaments (green) and cell

nuclei (blue) were visualized. The morphology and the confluency of the cells seems to

be similar to each other for Au, Au/GO and Au/rGO surfaces.

Figure 3.18 DAPI and F-actin staining for HCAtECs on Au, Au/GO and Au/rGO surfaces. The
nuclei (blue) stained by DAPT and the filaments (green) by F-actin. Scale bar represents 200 pm.
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3.3 Discussion

In this chapter, the methodology and results for the electrical, optical and bio-
chemical analysis for the proliferation of the HCtAECs seeded on Au, Au/GO and
Au/rGO electrodes were presented. The electrical analyses were performed by EIS;
optical analyses were performed through optical images; for biochemical cell viabil-
ity analyses, Alamar Blue assay was performed. Immunostaining of the cells such as
F-actin, DAPI were performed for assuring cell morphology on the surfaces. AO/PI
staining were performed with the aim of quantifying cell death rates on the Au, Au/GO
and Au/rGO surfaces. In order to distinguish the cell proliferation rates and cell via-
bility between surfaces, statistical analysis were performed for electrical measurements,
cell counts, cell viability assay and AO/PI staining. EIS results showed that, as pre-
vious studies suggested, cell adhesion and cell proliferation on the electrode surfaces
cause the increase in measured Z by blocking the current flow [92,116,117]. This in-
crease in impedance with cell proliferation from day 1 to day 10 was observed in all
three Au, Au/GO and Au/rGO surfaces. The magnitude of the phase angle decreased
as the frequency increased for medium only (No Cell), day 1, day 3, day 5, day 7,
day 9 and day 10. At higher frequencies, the membranes start to permit current flow
because the capacitive reactance decreases as the signal frequency increases. The elec-
trical contribution of cell proliferation on phase angle was that, as the cell proliferated
on the electrode surfaces, the magnitude of phase angle decreased in the 100 Hz-1kHz
range whereas it increased between frequencies 1 kHz-1 MHz (Figure 3.5). Since the
cell membrane acts as a capacitor, as the cell number increases on the electrodes, it
can be said that the number of capacitors on the current pathway increases. At lower
frequencies up to 1 kHz, the current had difficulty for passing through these capacitor;
thus increasing the number of cells, phase angle magnitude decreased. The increase in
phase angle magnitude at higher frequencies with cell proliferation may be due to the
decrease in inter-cellular gap. The decrease in gaps between cells hinders current flow
through these pathways, resulting increase in measured impedance. The resistance of
the cell mono-layer increases, dominating the signal. Likewise, the calculated capaci-
tive reactance from measured Z and © was getting larger in magnitude with increasing

cell number at all frequency range (Figure 3.4).
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Statistical analysis were performed for frequencies 4 kHz, 5 kHZ, 20 kHz, 40
kHz, 100 kHz, 200 kHz, 350 kHz and 1 MHz. Between these frequencies, only at
4 kHz, 5 kHz and 1 MHz frequencies, significant difference between the impedance
change rates with respect to medium only AZy,cen (%), i.e, normalized impedance
with respect to cell culture medium, were detected. The rate of impedance change on
day 1 was larger for Au surface than the AU/GO surface at 4 kHz (p=0.0316). The
reason of this difference may stem from the cell adhesion properties of the surfaces. Au
surface may be more available for cell adherence than the Au/GO surface. However
the impedance change rate with respect to cell medium also vanished on day 3 at these
frequencies. On day 3, there was no significant difference in AZyycen (%) between the
surfaces. However, later on day 5, AZpy.cen (%) became larger in Au electrode than
Au/GO electrode at 4 kHz (p=0.212), 5 kHz (p=0.225), and at 1 MHz (p=0.0405) .
For other selected frequencies, there was no statistically significant difference between
the surfaces for all measurement days. Statistical tests for impedance change rates
with respect to Day 1 (AZpgy (%)) were also performed. Although the analysis of
impedance with respect to cell culturing day other than the cell medium is uncommon,
the calculations of commercial ECIS analyzer for cell monitoring includes normalization
functions with respect to any chosen day for cell culture period. In order to eliminate
the possible variations in the cell seeding process, AZpq,1 (%) was tested for statistical
analyses. The frequencies chosen for tests were same in those of AZyo,cen (%). At 4
kHZ and 5 kHz there were not any detectable difference between surfaces. On day 3,
the value of for Au/rGO was significantly larger than that of Au at 40 kHz (p=0.0194),
at 100 kHz (p=0.0080), at 200 kHz (p=0.0036), at 350 kHz (p=0.0020) and at 1 MHz
(p=0.006). This means that, on day 3, for frequencies above 40 kHz, the impedance
change from day 1 was larger for cells proliferating on rGO compared to those of the
gold surfaces. On day 3, the Au/GO surface had also statistically significant larger
nominal values for AZpg (%) than that of the Au surface at 350 kHz (p=0.0267)
and at 1 MHz (0.0066). It can be said that at the first measurement day when the
cell adhesion occurred recently, gold surface had larger impedance increase than the
graphene related material. However GO and rGO increased the number of cells more
rapidly. In other words, in the possibility of Au surface had superior adhesion property

than the GO and rGO, the latter ones increased the number of cells faster after the
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adhesion. On day 5, at all of the selected frequencies, besides 4 kHz and 5 kHz,
AZpay (%) of Au/rGO was significantly larger than that of Au/GO. This behaviour
continued on day 7 at frequencies 350 kHz and 1 MHz. This showed that Au/rGO
surface had larger impedance contribution with proliferating adherent cells. These
differences vanished on Day 10. The corrected phase angle (©’) was larger in Au than
Au/rGO at 4 kHz at all experimental days and at 5 kHz at all experimental days but
day 9. Au surface had also significantly larger ©’ value than Au/GO until day 9. This
tendency continued at 20 kHz, 40 kHz and 100 kHz. Frequencies over 100 kHz, at 200
kHz, 350 kHz and 1 Mz ©’ value became similar for all surfaces at all experimental
days, except that at day 10 Au/rGO had larger ©’ value than that of Au/GO. Although
at frequencies of 4 kHz and 5 kHz, © was smaller in Au/rGO than that of Au/GO;
this changed oppositely at frequencies above 20 kHz.

In order to compare impedance rate of change with respect to cell proliferation
days, AZnocen (%) was analyzed in terms of its magnitude. From Day 1 to Day 10,
the mean value of AZy,cen (%) increased at all measured and analyzed frequencies.
AZpay1 (%) increased from 3.06 % (day 1) to 11.64 (day 10) % on the Au electrode
surface; from 2.44 % (Day 1) to 10.51 % (Day 10) on the Au/GO electrode surface,
from 1.70 % (Day 1) to 10.59 % (Day 10) on Au/rGO surface at 350 kHz. The rate of
increase in impedance change from day 1 to day 10 was nearly five-fold for all electrode
surfaces. At 4 kHz, AZpyocen (%) increased from 13.10 % (day 1) to 47.12 % for Au,
from 8.06 % to 31.42 for Au/GO, 10.04 % to 40.71 % for Au/rGO. The normalized
impedance value with respect to cell medium increased to nearly four times on day
10 at 4 kHz. At the last experimental day, when the cells reached confluency (the
confluency was also verified by immunostaining Figure 3.18). Impedance change rates
form "No Cell" and "Day 1" were not significantly different from each other for all
electrode surfaces at day 10. However Au/GO had lowest nominal values (Figures
2.1, 3.1). The impedance phase angle (0) had changing trend with frequency. At
lower frequencies, phase angle decreased with the cell proliferation day, i.e, as the
cell number increased on the electrode surfaces. On the other hand at frequencies
above 1 kHz, © value increased as the cell number increased (Figure 3.5). This was

consistent with previous studies in the literature [4,94]. Sun et al measured smaller
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phase angle value with cells than without cells [4]. Nguyen et al showed that cell
apoptosis increased the phase angle at lower frequencies and decreased it at higher
frequencies above [94]. Corrected phase angle value (©’) also increases with increasing
cell number on the electrodes. Although there was a critical frequency point that
the phase angle response changed, the magnitude of the reactance of the capacitance
calculated through measured Z and phase angle value increased with increase in number
of cells. This may stem from the capacitive behavior of the biological cells, especially
cell-membrane, increasing in number resulted in higher capacitance [117]. Non-faradaic
EIS studies in the literature generally utilizes bare gold electrode as sensor. There are
very rare examples for graphene and/or graphene related materials integrated in the
sensory surface for non-faradaic measurements. In a faradaic EIS, there are examples
of graphene-based materials as a biosensor; the increase in sensitivity with GO /poly-L-
lysine complex for the detection of leukemia cancer cell line [109], increased sensitivity
for protein detection [118]. However, there are a few studies for non-faradaic cell
impedance measurements through graphene interfaces. The very few examples showed
its applicability. RGO coated gold electrodes were used sensing of human embryonic
kidney cells by EIS and the cell adherence was detectable [119]. Chinnadayyala et
al coated rGO-Au nanoparticles on Indium Tin Oxide (ITO) electrodes and used the
resulting sensor for EIS measurement of HEK293 during cell culture [106]. Their results
revealed the bio-compatibility of rGO and the increased measurement range with rGO-
Au nano particle complex compared to bare, gold nano particle or rGO deposited
on indium tin oxide. The measurement range comparison was interpreted from the
saturation level of the normalized impedance. In another interesting and very recent
study, a three dimensional graphene interface designed for single cancer cell detection.
The three dimensional graphene interface was more sensitive than the two dimensional

gold interface [112].

In this thesis, rather than the detection of single cell, electrical measurements
were performed to obtain cell proliferation rates. Thus the availability of graphene
derivatives for cell proliferation monitoring was checked, rather than the lowest detec-
tion limit. The results revealed that graphene derivatives did not negatively affect the

electrical measurement quality. All electrode surfaces in the study; Au, Au/GO and
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Au/rGO were available for electrically monitoring HCtAEC proliferation. In addition

to the lack of negative affect, rGO, having larger nominal impedance values than GO.

As mentioned in chapter 1, there are contradictory results in the literature about
the toxicity of graphene related materials. It was said in chapter 1 that the interference
of graphene with cells and the concentration level of graphene molecules determine the
toxicity. The other factors can be listed as flake size, treatment time and type of cell
line. Recently, Gies et al declared that although the effect of flake size on toxicity of
graphene was unclear, suspension cells showed lower cell viability results compared to
the adherent cells [120]. Comparing the toxicity of GO and rgO, Das et al found that
rGO was less toxic than the GO to human umbilical vascular endothelial cells [73]. In
this thesis, the bio-compatibility of graphene coatings for HCt AECs was tested for the

first time.

Although there were electrically detected differences in surfaces, according to
cell count analysis there was no detectable significant difference between surfaces. Cell
count analysis was performed through the optical cell images (Figure 3.14) starting
from day 1 to day 10. In electrical response, the signal consists of not only cell number
but also cell-to-cell distance, cell-substrate gap, the permeability of the cell membrane,
the size of the cells. Thus the cell number contribution is not the only signal that
is monitored in electrical impedance. This fact may be the reason that although cell
numbers were similar to each other for all surfaces, the electrical characteristics of the

cells differed from each other.

For cell viability analysis, AB assay was performed. The AB reagent reduction
level indicates the cell viability, the higher the value means the higher cell viability
rate. The cell viability rate was significantly lower in Au electrode than Au/rGO
electrode. Although WCA results of Au surfaces were similar to Au/rGO surfaces,
the cell viability rate was not similar to each other for these two surface. On the
other hand, Au/GO surface being more hydrophilic than Au/rGO; their cell viability
results were similar to each other. It can be concluded that rather than the surface

hydrophobicity, graphene functional groups maintained cell viability. Results support
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the previous findings that the functional mechanism of graphene derivatives may be the
cause of significant enhancement of cell viability [72,121]|. In immunostaining by DAPI
and F-action on day 10, showed that cell confluency had been reached at all surfaces.
The fine structures of the filaments for each surface type were visualized [122]. There
seems to be a slightly increased gap at Au/GO surface compared to Au and Au/rGO
(Figure 3.18). AO/PI staining on day 3 showed that the graphene coatings did not
show toxicity to HCAtECs since the number of dead cells at all surfaces were similar

to tissue culture plate (Figure 3.16).
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4. CONCLUSION AND FUTURE WORK

In this study, EIS technique was utilized in cell behaviour monitoring. Photo-
lithography and plasma enhanced chemical vapor deposition techniques were utilized
in order to produce surface gold electrodes. The gold surfaces were coated with GO by
the self assembly method. rGO on gold surfaces were obtained through hydrazine vapor
reduction. Surface characterizations were performed visually by SEM, electrically by
EIS. Surface hyrophobicity and hydrophilicity were measured through water contact
angle measurements. The results of characterization methods showed that the surface

coatings were achieved.

HCtAEC cell proliferation on Au, Au/GO and Au/rGO surfaces was monitored
through EIS, optical images, AB assay and immunostaining. The results showed the
availability and applicability of graphene derivatives for HCt AEC proliferation. RGO
had the highest AB reduction value of 43.65 +8.79 %. Since rGO coatings accelerated
endothelialization and provide potential for enhancing carotid stent bio-compatibility,
the thesis suggests that rGO can be utilized for coating carotid artery stent endothe-

lialization.

As further work, more detailed electrical modeling of data should be performed
with diversity of biological assays. The paralleling of the electrical data with biological
assays would increase the model for interpreting the functional mechanisms. In addition
to that, micro-fluidic platforms should be integrated to the system in order to mimic
the real arterial structure. The implementation of EIS sensor on stent surface and

monitoring the stent biocompatibility are the further aspects of the study.

To precisely control negative or positive effects of graphene derivatives to en-
dothelial cells, varying the concentration levels of graphene in coating processes should

be done.
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APPENDIX A. EXAMINING GRAPHENE FLAKES FOR
PROCESSES BY SEM

To clean the surfaces from graphene flakes ultrasonication and O plasma treat-
ment were performed. The parameters for Oy plasma was; radio frequency power of
200 watt, O, flow rate was 100 cm?®/min, process pressure of 300 mTorr and duration
was 60 seconds. Ultrasonication was performed for 5 min in ultrasonic bath. GO flakes
remained intact after ultrasonication. However O, plasma application removed all of
the flakes (Figure A.1). Additionally, the stability of the flakes after cell culture study
was checked. Neither the UV irradiation nor the cell seeding and proliferation caused

visible damage of the flakes (Figure A.2).

Before Ultrasound After Ultrasound

Db——— | 2im

A
Oxygen Plasma Treatment After
Ultrasound

= = | ol

o
Oxygen Plasma Treatment After
Ultrasound

Figure A.1 Treatment of graphene on gold surfaces by ultrasonication and oxygen plasma treatment.
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After 10 min of UV After 20 min of UV
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Figure A.2 Graphene before and after sterilization for 10 min of UV light (up). Graphene before
and after the cell culture seeding (bottom).
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