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ABSTRACT

The ambient signals derived from different soluble or physical cues trigger
complicated cellular responses that, often, determine the destiny of cells. The task
of understanding the mechanisms behind these cellular actions is crucial in the
way of answering cell biology enquiries and designing new therapies. The aim of
this dissertation was to study the cellular responses to various environmental
cues, comprehensively. The cellular responses in the presence of adhesive and
soluble cues occur regularly at multiple parts of the cell and vary in time duration
and the place. Therefore, monitoring several aspects of cellular responses is not
possible to recapitulate using a single cell-based technique. In this regard, optical
microscopy and impedance spectroscopy on cell chips with molecularly
engineered surfaces were coupled, simultaneously. This required the presence of
adhesive cues in a controllable manner on an inert background on the surfaces.
The underlying surfaces, therefore, should provide these possibilities as well as

the compatibility with the measurement techniques.

Gold electrodes were modified with zwitterionic antifouling coatings that limited
nonspecific proteins adsorption and had low-impedance, considering the
advantages of the gold surface for electrochemical measurements. However, the
fluorescence quenching property of the gold and the prerequisite of transparency
for transmitted light microscopy applications highlighted the need of utilizing
indium tin oxide (ITO) as a more appropriate candidate for developing the dual

optical/electrical cell-based technique.



A well-controlled chemistry was achieved on interdigitated 1TO surfaces by
forming defined density of RGD molecules on an inert background using a multi-
steps strategy. The simultaneous setup, then, was designed and developed on
interdigitated ITO surfaces. The cell attachment and adhesion in the present of
different expression of adhesive ligands were investigated using the simultaneous
combination of phase contrast microscopy and impedance spectroscopy. Results
indicated that live cells attach and spread with different rate on the surfaces with
various RGD spatial distributions. The RGD spacing of 31 nm provided the
fastest rate for adhesion of the Hela cells. These results also were used to
coordinate the impedance results with the fractional surface coverage of cells on

the surface.

The coupling of fluorescence microscopy and impedance spectroscopy was used
to investigate whether the presence of adhesive ligands affects the cellular
responses to chemical cues. G-protein coupled cell receptors (GPCR) were used
as the pathway influenced by, a model soluble cue, histamine on interdigitated
ITO surfaces with various RGD spacing. The alteration of impedance readout
resulted from the changes in cell shape and adhesion to the substratum. Whereas,
the fluorescence microscopy was used to track intracellular Ca?* signalling.
Results illustrated that the cells on the surfaces with average RGD spacing of 31
nm displayed a faster histamine-induced release of Ca?* and change in cell
morphology and adhesion than cells on the other examined surfaces with less or

more adhesive ligand spacing.



As a case study, the developed technique was used to screen the effect of potential
antifibrotic compounds. The results of testing PXS64 prodrug on primary human
Dupuytren’s cells detected the useful time window and illustrated the capability

of this methodology in examining the potential antifibrotic compounds.

The developed dual detection highlighted the importance of controlling the
cellular adhesive environment on cell response to drugs. This dissertation
demonstrated the power of the developed dual optical/ electrical methodology in

achieving a more comprehensive sigh on cell signalling process.
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locations with observable changes in cell-cell contacts. Scale bar is 20 um.

Figure 5-7. Simultaneous histamine-induced impedance and calcium ion release
measurements of Hela cells plated on interdigitated 1TO surfaces with
different average RGD spacing. (A) The Ca?" duration. (B) The time to
maximal impedance response (C) The maximum normalized ratio of fura-2
ratiometric value obtained by dividing the fluorescence intensity measured
with excitation at 340 nm to that at 380 nm for cells. The data are integrated
over the ratiometric data of individual cells in the ensemble of cells at the
time of maximum response divided by the respective ratiometric value of
each cell before histamine addition, n >19. (D) The value of maximum

impedance response of cells before (black bars) and after (grey bars)
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histamine addition normalized to the impedance values of cell-free
electrodes. The inset is the difference between the impedance value before
and after histamine addition. For statistics, 1 way ANOVA, comparing all
sets of data with data of surface with average 31 nm RGD spacing. *p < 0.05
relative to surfaces with 31 nm average RGD spacing wherever it is not
SPECITIEA. .o 125
Figure 5-8. Examples of simultaneously recorded time-lapse montages of a fura-
2-loaded single HelLa cells on surfaces with different average RGD spacing
(The spacing is shown on top of each series of images). The elapsed time
written on each image refer to the duration after histamine addition.
Pseudocolor calibration bar indicates that warmer colours (e.g., orange, red)

attribute with higher concentrations of intracellular calcium cells regions.

Figure 5-9. (A) Simultaneously recorded real-time normalized histamine-
induced impedance on surfaces with various RGD spacing of 1 nm
(black solid line), 31 nm (black dashed line), 968 nm (grey solid line)
and 30597 nm (grey dashed line) and the surface with no RGD (black
dash-dotted line) (B) Magnified time course of normalized impedance
as is shown in part A. The impedance of a cell-covered electrode was
divided by the respective impedance of the cell-free electrode, to
obtain normalized impedance value on each surface.. .................... 127

Figure 5-10. (A) A phase contrast image of cells on surface modified with only
1- aminohexa(ethylene oxide) monomethyl ether molecules (No RGD) after

3.5 h of plating and before fura-2 dye loading procedure. (B) Histamine-
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induced impedance alteration of cells on this surface. This peak displayed a
weakly visible change (less than 1%) with no initial immediate decrease.
This data further support the idea that reduction in cell-cell adhesion

precedes the immediate histamine-induced decrease in impedance value.

Figure 6-1. Measure the effect of PXS64 on Dupuytren’s cells in non-crowded
(solid curve), crowded (dashed curve), or 10 puM PXS64-containing
crowded media (dotted curve). (A) The impedance measurement at 12
frequencies in the range of 40000 Hz-400 Hz after 72 h exposing cells to the
various media. The frequency of 40000 Hz showed the broadest range of
relative change for cells as has been highlighted. The impedance values at
this frequency were reported for further comparisons. (B) The effect of
PXS64 on Dupuytren's cells at different time points by tracking the real-
time change in impedance of the cell layers at 40000 Hz. The impedance of
the cells under the crowded condition showed a significant increase
compared with the cells cultured in PXS64-containing crowded media. This
indicated the efficacy of the drug in inhibiting the fibrosis progress in the
crowded state. The elapsed time shows the time after changing the normal
media of cells into one of the experimental conditions. *** is p < 0.001
versus Non-Ccrowded CONAItION. .......ccocvveriiirireineee s 144

Figure 6-2. A measure of Dupuytren's cells morphology and area post Alexa
Fluor® 647 phalloidin staining. Epifluorescent images of cells in (A) non-
crowded, (B) crowded (no drug) or (C)10 uM PXS64-containing crowded

media for 72 h. Considerable alterations in cell morphology under crowded
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condition were observed compared with cells in PXS64-containing media.
(D) The values of average area per cell calculated based on analyzing the
epifluorescent images. These results indicated higher cell area for cells
under the crowded condition and the efficacy of PXS64 to keep the cell
spreading property similar to that of cells in the non-crowded state. * is p <
0.05 versus non-crowded condition (n > 35). The scale bars are 50 um. 147
Figure 6-3. Collagen deposition analysis from the in vitro “Scar-in-a-Jar” study.
Fluorescence microscopy images of deposited collagen I (green) and nuclei
(blue) of cells exposed to (A) non-crowded, (B) crowded or (C) 10 uM
PXS64-containing crowded media for 72 h. (D) Quantification of the area
of stained deposited collagen | fibers per cell determined from the recorded
microscopy images as are shown above. Cells under crowded condition
deposited significantly greater amount of collagen compared with cells in
the non-crowded state. The presence of 10 uM PXS64 significantly reduced
the quantity of collagen fibers laying down in ECM under crowded
condition. Data displayed as a mean + standard deviation (n>4). *** is p <
0.001 versus non-crowded condition. The scale bar is 100 pm. .............. 148
Figure 6-4. The coherency of collagen fibers deposited by cells exposed to non-
crowded, crowded or PXS64-containing crowded media. The results suggest
a significant coherence in the orientation of collagen fibers produced by cells
under crowded condition versus the random alignment of collagen fibers
deposited from cells treated in non-crowded or PXS64-containing crowded

media. The collagen fibers exhibited similarity in their alignment when they
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were stimulated with 10 uM PXS64-containing crowded media. ** is p <
0.01 versus crowded MEedIa. ..........covrerreieiniieier e 150
Figure 6-5. The intracellular Ca®* of cells cultured in non-crowded, crowded, or
10 uM PXS64-containing crowded media immediately (0 h) and after 24 h,
48 h, and 72 h of changing the media. The increase in cytosolic Ca?* after
72 h was significantly attenuated in the presence of either 10 UM PXS64
or 10nM Thapsigargin. The results indicated the capability of PXS64 in
controlling the fibrosis progress and showed that the source of mobilized
calcium was mainly from endoplasmic reticulum stores. * is p < 0.05 versus
CrOWAEM CONAITION. ...t 153
Figure 7-1. Commercial interdigitated 1TO electrodes. The thickness of the quartz

substrates can be decreased by fabricating more thin electrodes............. 161

Schematic 2-1. Process of coupling 4-amino phenyl phosphorylcholine to a-
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TEMPEIALUIE (D). .veeeeieieitieee ettt 46
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mercaptoundecyl) hexa(ethylene glycol) SAM and; (5) 1-dodecanethiol
SAM and (6) glassy carbon electrode modified with PPC diazonium salts.
Interfacial impedance and antifouling nature of the newly developed (1), (2),
and (3) surfaces were investigated and were compared with the conventional
(4) antifouling surface, (5) fouled surface and (6) a previously developed

antifouling surface with low impedance from the Gooding group in ref. [17].

Schematic 4-1. ITO surface modification steps; Carboxyl-terminated PHDA
base layer SAMs were activated with EDC/NHS, followed by coupling with
different ratios of 1-aminohexa(ethylene oxide) to 1- aminohexa(ethylene
oxide) monomethyl ether molecules. Hydroxyl-terminal groups of
tetra(ethylene oxide) were activated and coupled with GRGD ................. 88

Schematic 5-1. The designed simultaneous setup for collecting more
comprehensive information on cells response to soluble cues in the presence
of tuned adhesive ligands on an interdigitated indium tin oxide (ITO)
surface. Histamine was used as a model soluble cue ligand which activates
G-protein coupled histamine receptors, and, consequently, Ca®" ions are
mobilized from the endoplasmic reticulum (ER), and the cytoskeleton
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presence of Gly-Arg-Gly-Asp-Ser (GRGDS), adhesive ligands to cell
integrins, leads to focal adhesion formation and signalling. The
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1.1 GENERAL OVERVIEW

Many animal models have been victimized for testing food, cosmetic, and
biomaterial products on live cells and developing new drugs and vaccines [1, 2].
The use of animals in scientific discoveries is back to hundreds of years BC.
Currently, significant advances in understanding the mammalian physiology
have been achieved by employing animal models [3]. However, since the
implementation of the “Animal Welfare Guideline” in 1986, supporting the
development of alternative methods that can replace, reduce or refine the use of
animal models in biomedical research, testing or education purposes is the
declared policy of the European institutions [4]. The principles of replacing,
reducing or refining the animal studies were defined based on the survey done by
Russell and Burch in 1959 [5]. In Australia, the National Health and Medical
Research Council (NHMRC) has adopted the ethics of recruiting animals in
research and teaching following a report by the Senate Select Committee in 1984
[6]. It aimed not to stop using animals in laboratories but to guide the way that
animals should be treated in experiments and always considering the possible
replacement approaches. Accordingly, animal studies in laboratories are
acceptable when there is no alternative or the risk assessment is involved with
either human health or environment safety [7]. During the last 25 years, several
efforts have been made towards the development and international acceptance of

alternative methods to animal experiments [4, 8].



CHAPTER 1. INTRODUCTION AND OUTLINE

In addition to ethical concerns, scientific reasoning about the validity of animal
studies due to the high rates of failure reported in clinical assessments following
preclinical confirmations on animals have been presented [9, 10]. Previously, 92
% of the failure rate of clinical trials that were performed following successful
animal experiments was reported by the U.S. Food and Drug Administration
(FDA) in 2004 [11]. One of the factors in the decrease in the number of new
therapies in 2004 was reported to be misleading information obtained based on
animal experimentation [12]. Part of the reason for this discrepancy is the
fundamental physiological differences between human and animal bodies which
make it challenging to extend the reaction of the animal body to the examined
product, or stimuli to the response of the human body. One of these policies is
running comprehensive in vitro assays and characterizations prior to animal
studies. This approach can reduce the number of needed animal experiments in
the process of developing new bioproducts including therapeutic drugs. In these
regards, using high-throughput biochemical assays and cell-based techniques
have been considered to reduce unnecessary animal studies and to increase the
reliability of the screening process in advance of running in vivo experiments or
even as an alternative for animal studies. Validated in vitro high-throughput
studies aid in providing a deeper understanding of the cellular behaviour as it
provides a less complex environment in vivo and limits the number of interfering
parameters [7]. High-throughput biomedical assays recruit selective molecules
such as enzymes, antibodies, DNA or RNA strands to sense the analyte by

altering the immediate environment of the signals [13, 14]. Such sensors provide
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valuable information on specific compounds, but would not determine the
potency of those agents in complicated environment of the living cells. Cell-
based assays have emerged as a more physiologically relevant alternative to
biochemical high-throughput measurements that circumvent the need of

purifying protein and enzymes in many studies [15].

1.2 BASIC FEATURES OF CELLS AND

EXTRACELLULAR MATRIX

Eukaryote cells are composed of the plasma membrane, cytoplasm, nucleus and
different organelles such as endoplasmic reticulum, mitochondria, and Golgi
apparatus. Interconnected networks of filaments and tubules inside the cytoplasm
form the cytoskeleton. This structure not only supports the mechanical structure
but also regulates a lot of cell functions. There are three main types of proteins in
cytoskeleton structure including microtubules (actin filaments), thin filaments

and intermediate filaments.

Cells are surrounded by extracellular matrix (ECM) which acts as a scaffold for
cell ingrowth and proliferation [16]. The ECM composes of two main subclasses.
First, polysaccharide glycosaminoglycans such as hyaluronic acid serve as
mediators for cell proliferation and nutrient transfer. Second, fibrous proteins
consisting of two types mainly acting as structural supports and adhesive agents.
For instance, elastin and collagen play critical roles in cell supports and

fibronectin and laminin aid in providing adhesive points. The majority of
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mammalian cells tend to attach and adhere to each other and to the substratum to

be able to precede cell spreading, proliferation, migration, and signalling.

1.3 CELL ADHESION

Integrins are cell membrane receptors bridging cells to ECM. These receptors act
as mediators connecting the intracellular actin cytoskeleton inside the cells to the
extracellular proteins such as vinculin, fibronectin, and collagen. These receptors
consist of unique high molecular weight polypeptide chains, named o and 3.The
integrin family is highly diverse, where each receptor connects to a specific
matrix protein. Almost half of the known integrins on cell membrane can
recognize Arg-Gly-Asp (RGD) [17]. RGD is the most frequent sequences in
ECM proteins responsible for cell adhesion [17]. The integrins undergo
conformational change by a signalling process called inside-out signalling that
switches integrins to a high-affinity state. The binding of RGD ligands and the
cell integrins generates a major recognition block for cell adhesion and regulate
multiple intracellular signalling pathways. Upon interaction of integrins with
RGD sequences, large molecular complexes so-called focal adhesions (FAS)
forms [18, 19]. Focal adhesions compose of integrin ligands, integrin molecules,
and associate plaque proteins. Focal adhesions mediate the cell anchoring process
to the ECM and is the gateway that through that ECM regulate cell functions.
The widely diverse proteins in focal adhesions have a unique responsibility in

activating specific cellular responses.
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1.4 CELLS ARE RESPONSIVE UNITS

Cells are responsive to various environmental stimuli. The way that cells decide
to react to these signals, often, determines their destinies [20, 21]. Environmental
signals can arise from exposure to different soluble or physical cues. The cells
responses are, often, incredibly complicated and vary in the space and timescale
[22]. Soluble cues such as cytokines, growth factors, hormones and soluble
synthetic molecules elicit multiple responses in the target cell. These cues arise
from various sources such as the cells themselves, nutrient molecules, therapeutic
agents or chemical residues released from biomaterials [23]. Beside soluble
molecules, cells also sense the mechanotransduction forces of their environment
at the nano and micrometer range [24-26]. These forces can be derived from the
ECM components [16, 27], membrane-bounded proteins, the physical property
of cell environments such as the geometry [28, 29], topography [30, 31] and
external local forces [24]. As explained, ECM acts not only as the supporting
scaffold for cell adhesion but also as a crucial regulator of various cellular
behaviours [32-34]. Cells sense the mechanic force of the extracellular
environment through integrins that trigger the activation of intracellular
associated cytoskeletal and signalling components of focal adhesions, and the
cytoskeleton. At the same time, cells regulate the ECM structure in order to
maintain overall shape and functionality by deposition, rearrangement or removal
of the ECM [35]. These bilateral relationships between cells and their

extracellular structure define different aspects of the cell behaviours.
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1.5 CELL-BASED ASSAYS

Cell-based techniques have attracted a tremendous amount of attention in
monitoring the function of cells or tissues in the presence of various signals in a
controlled and reproducible environment in vitro[36]. The global cell-based
assays market is expected to be valued at USD 18,329.37 million by 2020 from
USD 10,799.53 million in 2015, with the annual growth rate of 11.16% [37].
Cell-based biosensors can be used in many applications related to health and
environment sciences such as screening drugs, foods, biomaterials and other
bioproducts [38]. These tools can be employed to examine the biocompatibility
of biomaterials [39] and to test the influences of applying different mechanical

[40-42], electrical [43-47] and electromagnetic [48, 49] stimuli on cells.

In the early 1970s, tremendous progress in diverse pharmaceutical fields was
achieved, which especially occurred in understanding the biochemical and
biomolecular mechanisms behind various types of disease [50]. This had an
enormous impact on the current progress of the drug discovery processes. With
these great strides that have been accomplished in designing new therapeutic
compounds, there is a crucial need for screening these agents and their side

effects in vitro both in terms of accuracy and scale.

A cell-based biosensor live cells are often cultured in a 2-D or 3-D artificial
structure, ideally with a well-controlled environment. The physical and chemical
properties of cell interaction area with the artificial environments are crucial in

defining cell functions. Cell chips are mainly coupled to high-throughput read-
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out technologies convert the cell response into understandable signs and can be

based on optical, electrochemical or mass detection.

1.6 CELLSIN A CELL CHIP

Live cells are recruited as the sensing elements in a cell-based assay that
recognize and respond to soluble or physical cues. Cells have an array of naturally
evolved receptors, channels and other signalling proteins that are targeted by
different soluble and adhesive cues. The signals usually cause a conformational
change in the receptor structure or biochemical and ionic changes. In addition,
cells act as a primary transducer in this system. The receptor activation triggers
multiple intracellular pathways of events resulting in regulations in morphology,
adhesion, gene expression or metabolism of cells that can be collected using an
appropriate read-out system in research laboratories. In addition to mammalian
cells, various microorganisms also have been employed in cell-based assays for
environmental science applications, monitoring of pollutants in particular, and
human health safety [15, 51-54]. There are important constraints related to using
live cells as the primary sensing agents in vitro. For instance, the culture and
maintenance, the specification of the cells such as the number of passage or the
density of the cells and the presence of a few unhealthy cells may cause
misleading information [55]. Therefore, specific considerations and care should

be followed while treating cells to act as a crucial element in cell-based assays.
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1.7 CELL-SURFACE INTERFACE

The interactions of cells and their surrounding environment, especially the ECM
plays a profound role in cell functions. The ECM function is mimicked in vitro
by engineering the cell-environment interface. It has been shown that the physical
and chemical characteristics of the underlying surface play a major role in
modulating cellular responses. The properties at the cell/surface interface such as
geometry, stiffness and the presence of adhesive ligands significantly regulate the
cell behaviour [56]. Consequently, in a cell-based assay that cells are supposed
to be cultured on foreign materials in a 2-D or 3-D structure, the interface ideally
mimic the native extracellular environment of cells as close as possible. A well-
controlled environment allows driving the cell functions into desired direction

[20, 57].

The 3-D cell-based models such as microgravity bioreactors [58] synthetic and
natural polymeric scaffolds [59-61] and micro/nanoporous substrates [62]
provide an environment to evaluate the effect of applying different treatment and
stimuli on live cells. The structure of these models can be designed to mimic
natural cellular environments of various parts of the body, such as tissues,
tumours, and vessels. Recently, Yang and his co-workers [63], have reviewed the
applications of three-dimensional cell culture systems in cell-based assays. These
devices propose efficient and reliable tools for drug discovery, toxicology, stem
cell and cell sorting applications, where the cell responses to different stimuli
need to be investigated in vitro. The 3-D cellular structures are fabricated using

different technologies such as inkjet printing [64] and microfluidics [65, 66].
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In some studies, 3-D cell-based platforms propose a model that mimic the in vivo
condition in a more reliable way than 2-D cell chip assays [67]. However, they
are not a replacement for specific applications that require the devices based on
silicon, glass or conductive electrodes, such as electrophoresis on glass or
electrochemical measurements on electrode plates. In addition, the ease of
coating the surface of 2-D chips provides a well-controlled environment where
the response of a single cell or population of cells can be investigated. The focus
of this study is on modifying the 2-D structures (surfaces) for different cell-based
sensing applications. The temporal response, spatial considerations, and
sensitivity of the substrate must be optimized for the specific biological
application [68]. The appropriate interface for a cell-based assay should possess
the possibility of being modified with appropriate molecules and provide the
appropriate physical characteristics to be used in coupled with the suited high-
throughput read-out detection system and is chosen based on the biological

inquiry.

1.8 MODIFICATION OF SURFACES IN CELL-BASED

ASSAYS

It has been indicated that the surface characteristics modulate various cellular
functions, such as adhesion, proliferation, differentiation and migration [18, 19,
33, 69, 70]. Coating the surfaces with ECM proteins such as fibronectin or
collagen is a straightforward and efficient approach for mimicking the ECM
structure in many studies. For very fundamental understanding, that requires

10
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precise control over the composition and the arrangement of the surface
modification [71], the ambiguity of how the actual cell adhesive ligands are
presented in protein and polymeric adhesive surfaces can compromise the
robustness of the conclusions reached [72]. The other factor restricting the use of
whole proteins for this application is the difficulties of controlling the adsorption
of non-specific biomolecules that decreases the selectivity and sensitivity of cell-
based sensors. Surfaces with rigorous molecularly engineered chemistry are
needed to remove ambiguity regarding cell adhesive ligand presentation of the
cell-based assays and provide the insight into how cells sense different physical
cues [20, 56]. The cell-based chips may be modified with adhesive ligands to
mimic the ECM contribution in cell adhesion process. Controlled RGD ligands
expression is possible by immobilizing the ligands on surfaces in a form of a

monolayer [20, 73].

The types, spacing, surrounding microenvironment and organization of RGD
adhesive ligands on the surfaces can be tightly defined using chemical
immobilizing techniques. Slight changes in the expression of adhesive ligands
alter cellular phenotype dramatically [20]. It highlights the importance of
applying a well-controlled chemistry into the surfaces that are for in cell-based

assays.

1.8.1 Impact of RGD expressions on cell function
Monolayer modified surfaces can provide greater control over the expression of
RGD adhesive cues on a cell-inert background [56]. The chemistries that restrict

nonspecific protein adsorption using oligo(ethylene glycol) moieties molecules
11
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[74] or zwitterionic monolayers [75, 76] can be used to provide a cell inert surface
to which the RGD sequences can be attached. In this way, excellent control over

the extent of cell adhesion can be achieved.

The type, spacing, organization and the surrounding molecules of adhesive
ligands influence the behaviour of cells. For instance, the study performed by
Kato and Mrksich [77] demonstrated the sensitivity of nucleation rate and the
growth of focal adhesion (FAS) of fibroblasts to the type of RGD adhesive ligands
(Figure 1-1-A). In this study, the self-assembled monolayers of alkanethiolates
attached to tri(ethylene glycol)-terminated alkanethiol molecules was used to
expose either a linear or cyclic Arg-Gly-Asp peptide at identical densities to 3T3
Swiss fibroblasts. This study confirmed the importance of controlling the
structure of the adhesive ligands. This is in agreement with the report by Xiao
and Truskey [78], where a higher cell attachment to immobilized cyclic RGD

peptides compared with linear peptides was reported.

In addition to the type, several studies have investigated the importance of the
RGD-RGD spacing on cell functions [79-81]. The Figure 1-1-B shows an
example of the dependency of cellular performance on different density of RGD
ligands on silicon surfaces studied by Gooding and co-workers [81]. In this work,
silicon surfaces were coated with undecenoic acid and various ratios of 1-amino
hexa(ethylene oxide) monomethyl ether (EO6) to 1-amino hexa(ethylene oxide).
The attachment of RGD ligands to hydroxyl groups provided the surfaces with
various ligand spacing. The results of this study demonstrated that not only the

number of the cells, spreading, adhesion and the migratory ability of endothelial
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cells but also the signal transduction efficacy were regulated by presenting variety

range of RGD densities.

The impact of the nanoscale order of RGD ligand patterning on the adhesion of
tissue cells has been demonstrated. It was first studied by Spatz and co-workers
[82], where glass surfaces were modified by gold nanoparticles with ordered and
disordered arrangement (Figure 1-1-C). The spaces between nanoparticles on the
surface have been modified with PEG-silane (2-
[methoxy(polyethyleneoxy)propyl]trimethoxysilane  molecules to avoid
nonspecific cell adhesion [79, 83]. Gold nanoparticles were coated with c(-
RGDfK-)-thiol ligands via thiol groups. The experiments on MC3T3-El
osteoblasts revealed that integrin clustering and such adhesion induced by RGD
ligands depends on the local arrangement of RGD ligands on the substrate while
the global average ligand spacing is greater than 70 nm. The fluorescence images
with stained actin in Figure 1-1C shows that the cell adhesion and spreading is
more pronounced on the surfaces with the disorder RGD nanopattern compared
with those for cells on the surface with ordered RGD nanopattern when the ligand

spacing is controlled to be similar.

Various cellular functions depend not only on the expression of the RGD ligands
but also on the groups surrounding these peptides. Houseman and Mrksich [84]
studied the impact of the length of the oligo(ethylene glycol) groups coupled to
the self-assembled monolayers surrounding the RGD peptides on cell attachment
and spreading. In this work, the average distance separating the glycol groups

and the peptide ligand was altered using thiols with either tri-, tetra-, penta-, or

13
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hexa(ethylene glycol) units, while the structure of the background monolayer
remained unchanged. The example showed in Figure 1-1D, illustrates the
decrease in cell attachment to RGD ligands when the length of the oligo(ethylene
glycol) molecules increased. These studies showed the degree of the presentation
of adhesion motifs regulates different aspects of cellular behaviour in a very

precise manner.

BH ) GRGDS
oHN Linear RGD o
o Q oA, [} o
o Hw"; 1 nm RGD-RGD o o
H .
HN [P P A N spacing a9 &%
NHg* o 4]
":Nvﬁui\-._/‘iﬂ: ke o o
e of ) dq 87"
HN or HN . ] [+]
e e CyclicRGD 5 o
44 nm RGD-RGD OyNH © OyNH o
spacing S PR
Japr eQne
M gmu.ﬁ.w

CyclicRGD Linear RGD A) Type  B) Spacing
/—Q a0 C) Order D) Surrounding &)_ . e
e groups e ‘Z,,

-

. (1) ordered °;(-, ...... Vi o= eor
o e "
') =0 o
¢
o
U}

4
1
o x
—p “han e
o= — ot o~
PR Y e
5 HY Pt ™ e
o =0
e e
s =, o=
_— y \
—
4
o
A
A )
T 4

A

Q

o
W
e (2) disordered /
¢
c:? — o
o ¢ ¢ o g
] 3 " A oL I J
o, Po |'D
A A o ‘?.
) 1

o
N\ { : ¢
L ]
o o
C ¢ [ G ¢
¢ o 0 o .0
© ° ° ~ 'l el el

o
o
J

o
] )

Figure 1-1. Examples of surface chemistries that provide different expression of RGD
ligands by controlling type, spacing, arrangement and the surrounding environment with
respective fluorescence images. (A) Schematic of the gold surfaces used by Kato and
Mrksich [77] where the cyclic or linear cell adhesive ligands are attached to a cell-inert
oligo(ethylene oxide) layer. The cyclic RGD provide twice the number of FAs with
smaller length in average than that on the surface with linear RGD. (B) Schematic of the
silicon surfaces prepared by Gooding and co-workers [81] with different RGD spacing.
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The spacing is controlled by altering the concentration of 1-amino hexa(ethylene oxide)
monomethyl ether (EO6) to 1-amino hexa(ethylene oxide). Components incorporated
into the SAM. (C) Schematic of the glass surface adapted by Spatz and colleagues [82]
for the control of ligand density and order presented to cells. By controlling the
arrangement of gold nanoparticles, the organization of RGD ligands were defined. The
space between the nanoparticles was modified with oligo(ethylene oxide) molecules as
a cell-inert layer. The images show 3T3 fibroblast cell with the staining of actin stress
filaments. (D) Schematic of the gold surface modified with RGD ligands used by
Houseman and Mrksich [84] showing modulated effect of the RGD spacing on cell
attachment as the length of the oligo(ethylene glycol) groups altered. Fluorescence
micrograph of actin filament of Swiss 3T3 fibroblasts on two surfaces modified with
tri(ethylene glycol) group that leaves the peptide ligand more accessible (left) than does
the longer hexa(ethylene glycol) group (right)

1.9 READ-OUT SYSTEMS OF CELL-BASED ASSAYS

The cell is the recognition species; the transducer must turn the cell response to
an electronic signal. Cells do not do this; therefore, a transducer is selected based
on the cellular response of interest to process the cell signal. These transducers
are mainly electrical, optical, acoustic or magnetic. The detection methodology
is crucial to be selected with care to provide the capability of obtaining the
information on cellular behaviour in a relatively comprehensive way with
minimum interference with cell activity. Cell-based biosensors can be
categorized based on the final readout signals and the second transducer that has
been used. Optical and electrical cell-based biosensors are the most documented

assays [85-87].

1.9.1 Optical cell chips
Optical cell-based biosensors are mainly label-based methods for measuring
changes in luminescence [88-90], fluorescence [91-97] or colour [98] of cells

loaded with optical tags. In addition, there are label-independent optical
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biosensors that have been recently reviewed by Fang [99] such as surface
plasmon resonance (SPR) [100-102], resonant waveguide grating (RWG),
dynamic mass redistribution (DMR) [103-105] and photonic crystal optical cell
assays [106, 107]. Among different optical instruments, fluorescence microscopy
dominates for studying various cellular components and cell responses to stimuli.
This is due to its intrinsic selectivity and commercial availability of various

fluorescence labelling tools.

Fluorescence cell-base assays

Fluorescence-based assays have become the main technique for answering
biological questions on cellular behaviour in response to stimuli. Fluorescence
imaging can provide detailed subcellular information at single and population
cell levels. Moreover, with the recent advances in the microscopy field,
fluorescence microscopy can monitor the alterations of intracellular behaviour at
single-molecule level using photoactivated localization microscopy (PALM)
[108, 109] and stochastic optical reconstruction microscopy (STORM) [110,
111]. The change in ionic state in cells, (e.g. Ca®* or Zn?*), the exocytosis events,
and concentration of different chemical species (i.e. nitric oxide and hydrogen
peroxide), cell organelles (i.e. mitochondria and endoplasmic reticulum) and
biomolecules (i.e. DNA and membrane lipid bilayer) can be monitored using
fluorophores. Different compounds have been used as fluorescence tags
including organic fluorophore, natural biological dyes and various fluorescence

nanoparticles such as quantum dots [96] and upconversion fluorescent
16
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nanoparticles [112]. Each particular application and biological condition require

the use of specific type of fluorophores.

The availability of organic dyes with large spectral range and tuned biological
properties has made them the most common fluorophores in cell imaging. Some
of these dyes such as fluorescein isothiocyanate (FITC), rhodamine, and recently
developed Alexa Fluor® dyes can be conjugated to different proteins and
biomolecules such as proteins, antibodies, nucleic acids. Whereas some of these
dyes are membrane permeable that targets the specific part inside the cells
suitable for live cell imaging. Using acetoxymethyl ester derivatives as cell-
permeant dyes is a common method for live cell imaging [113]. For instance, the
acetoxymethyl groups in fura 2- acetoxymethyl ester (fura 2-AM) provide the
intracellular dye loading in a non-invasive manner. The ester groups of fura 2-

AM degrade inside the cell, and the dye becomes polar and Ca?* sensitive (Figure

1-2).
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Figure 1-2. The acetoxymethyl ester groups of fura 2-AM make the dye cell-permeable,
and dye becomes Ca2+ sensitive in intracellular environment.

Most of the organic dyes in live cell imaging undergo phototoxicity and
photobleaching in long-term. For instance, it has been shown that Fluo 4-AM
over 1 h of confocal imaging caused phototoxicity. There are studies where the
phototoxicity is mentioned as a potential limitation of fura 2 AM, which can
restrict the duration of microscopy study effect [114]. However, experimentally
Monteith and co-workers [115] have shown that the phototoxicity of fura 2 over
short timescales was not a major concern. Thus, the potential phytotoxicity of the
organic dyes could be a limitation. In that case, using different microscopy
techniques that decrease the exposure time or increase the excitation wavelength
such as two-photon microscopy [114], pulsed light-emitting diodes [116] and
controlled light exposure microscopy (CLEM) [117] can be considered as

possible solutions.

Green fluorescent protein was discovered in jellyfish Aequorea Victoria by Saiga
and co-workers in 1962 [118]. In the 1990s, the green fluorescent protein (GFP)
gene was cloned, and it was demonstrated that the transfer of the gene in other
organisms fluorescently mark proteins [119-121]. The high-resolution crystal
structures of GFP propose unprecedented insight into the relation between protein
structure and spectroscopic behaviour [122]. Many different GFP derivatives
such as allophycocyanin, phycocyanin, phycoerythrin, and phycoerythrocyanin
were later developed. These biological compounds have been transferred to

different mammalian and bacterial cells to monitor the function of particular
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proteins. However, the risk of phototoxicity as a result of overexpression of light
producing proteins that causes the production of reactive oxygen species is one
of the challenges involve with using these biological fluorophores. Slow
formation of the post-translational chromophore, the oxygen requirement, and
high background fluorescence when the GFP is not highly expressed or densely
localized are some other limitations of using GFPs [123]. In addition, fluorescent
proteins appear to display lower fluorescence count rate than small organic
fluorophores such as rhodamine derivative, and therefore not preferred for super-

resolution microscopy applications [124].

The emergence of new fluorescence microscopy methods and instruments such
as the developments in laser scanning confocal, two-photon and time-gated
microscopies, Forster Resonance Energy Transfer (FRET), fluorescence
lifetime

imaging (FLIM), total internal reflection fluorescence (TIRF), fluorescence
recovery after photobleaching (FRAP) and fluorescence correlation spectroscopy
(FCS), highlights the capability of fluorescence-based methods for advanced
future applications among the most powerful monitoring techniques [125]. The
future advances are toward improving the 3-D imaging and visualizing the
function of cells in deep tissues with minimum auto-fluorescence. Using
fluorescence microscopy leads to acquiring extremely precise information at

subcellular levels about specific cellular pathways.
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1.9.2 Electrical cell chips

Electrochemical biosensing is based on coupling of electrochemical transduction
units with biological recognition units, which is the whole cell in cell-based
assays. A living cell can be assumed as a dynamic electrochemical unit since
many redox reactions and ionic transport normally occur in intracellular
environment. Cell-based electrochemical assays have found a wide range of
applications in pharmacology, cell biology, toxicology, neuroscience and
environmental pollution [126]. Patch clamp, amperometry, impedance and fast
scan cyclic voltammetry are the common techniques used in electrical cell-based
biosensing assays for various applications. Assessing the changes in electrical
current and impedance signals are the two of the most common electrochemical
techniques in cell-based assays that in many ways are complementary to

fluorescence microscopy.
Amperometry cell-base assays

Measuring the change in current resulted from the electrochemical oxidation and
reduction of electroactive species at a constant applied potential, called
amperometry [126], is a sensitive method, useful for tracking various intracellular
interactions. Amperometry-based methods can provide precise information on
the kinetics of secretion and the oxidization of chemical intracellular messengers
in the well-controlled biological environment [68]. The amperometry cell-based
assays have been used to quantify the exocytosis events in endocrine cells or to
detect neurotransmitters where the specific nerve terminal has been stimulated

[127-132]. Among the oxidizable species, nitric oxide (NO), adenosine
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triphosphate (ATP), and monoamine neurotransmitters such as norepinephrine
(noradrenaline), dopamine, serotonin are of particular importance and common
in many biological systems [126]. In amperometric techniques, an electrode is
placed a few micrometres far from a single cell or population of cells and is used
to detect the electron transfer in the limited environment around the cells, which
particularly increase the sensing sensitivity [133]. A lot of efforts has been put to

design more sensitive electrodes for amperometry measurements [134, 135].

One of the critical applications of amperometry cell-based assays is in detecting
exocytosis of secretory vesicles in single cell level and even with the capability
of recognition of a single event [136, 137]. Exocytosis of secretory vesicles is an
important event for signalling between cells and organs in living elements.
Triggered by related stimulators, vesicles containing bioactive molecules such as
neurotransmitters, peptides, hormones are transported to interact eventually with
the cell membrane at high concentration, which consequent in releasing of the
contents of the vesicles into extracellular matrix [138]. The secretory process
involves various steps since formation till the mobilization from cell membrane
to ECM, which happens incredibly fast. Some steps of exocytosis can be tracked
real-time using amperometric recordings with carbon fibre electrodes [130, 139].
Recognition and understating these events and the involved steps are essential in

understanding many cell signalling processes.

Amperometry techniques have been widely used to quantify the exocytosis
events in different cell types in vitro [140-142], in vivo [143] and, recently, in

vivo-like [144] environments. In a recent work performed by Huang and co-
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workers [144], a co-culture of superior cervical ganglion neurons and their
effector smooth muscle cells were grown in a microfluidic device to simulate the
neural network in live complex cells in the laboratory. The schematic of the work
is shown in Figure 1-3. In this system, the carbon fibre nanoelectrode was used
to measure the amperometric signals, while a glass nanopipette electrode was
used to monitor the postsynaptic potential. These electrodes were placed near to
smooth muscle cells, while the stimulant that evoked the neuron cells. These
amperometry techniques are extremely sensitive as can afford the quantification

of a single event in real-time.

The applications of amperometry techniques in cell-based biosensor chips are
limited to the events that involve electron transfer mechanisms. On the other
hand, the capability of amperometric techniques on providing information on a
specific subset of electroactive intracellular reactions will be an issue when the
bulk information of the response at whole-cell level is required. Impedance cell-
based biosensors, on the other hand, can provide information on the change in
cell shape and cell adhesion to the other cells and to the substratum of the whole
cell, and subsequently, fail in obtaining detail information on specific
electrochemical reactions. In fact, the information acquired using these two

techniques are in many ways complementary.
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Figure 1-3. a) Representation of in vivo-like neuromuscular junction. b) Schematic of
amperometric detection using a carbon fibre nanoelectrode insertion inside a synapse
and a glass nanopipette inside a smooth muscle cell for monitoring the post-synaptic
potential [144].

Impedance cell-based assays

Electrochemical impedance cell-based sensing (ECIS), was first invented by
Giaever and Keese in 1984 [145]. This technique offers instantaneous and
quantitative means to study many cellular events, such as cell attachment,
spreading, growth, mortality, and morbidity of c cells [146]. In ECIS technique,
cells are cultured on the electrode substrates, and a non-invasive weak alternative
current of around 4 mA/cm? with frequencies usually in the range of 10°-1 Hz is
applied to measure the alterations in impedance signals over time [55]. Since
seeding cells, as the attachment and spreading to the electrode happens, the
effective open area available for current flow decreases, and, subsequently,
impedance value increases. In addition, any external stimuli or internal aberration
that changes the cell morphology and cytoskeletal arrangement alter the
impedance results. The alteration in cell morphology derives from changes in

cell-cell and cell-substrate connectivity. The impedance measurement can detect
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the alteration of nanometres in cell diameter and changes in the range of sub-
nanometres in the distance between the ventral cells membrane and the electrode
surface [147]. The first and most common electrodes that were used in impedance
cell-based assays were small gold electrodes on the bottom of a regular tissue
culture dishes [147]. Thereafter, the application of other novel metals such as
platinum [148] or metal oxides become a common approach. In 2001, indium tin
oxide (ITO) was used to study the effect of thrombin on the permeability of
endothelial cells recruiting impedance monitoring [149]. The first application of
ITO in cell-based assays goes back to the work done by Schwalm and co-workers
[150] to record spike potential of many neuron cells. In 1995, Watanabe and
colleagues [151] confirmed that culturing primary adrenal chromaffin cells on
ITO electrodes keep the cell function not interrupted. In order to improve the
sensitivity of the impedance measurements, interdigitated electrodes were
offered first by Wolf and co-workers [152] by introducing interdigitated platinum
film, PhysioControl-Microsystem (PCM®). In 2004, using gold interdigitated
electrodes to develop the real-time cell electronic sensing (RT-CES®) for
detecting cell-based parameters was reported by Zheng and co-workers [153].
RT-CES® system became the predecessor of a new technique which is now on
the market through Roche referred to as xCelligence with improved functionality
compared with RT-CES® [154]. Impedance cell-base assays have been used in
various applications ranging from studying the micromotion, shape and spreading

of cells over time or cell responses to different physical and soluble cues [155].

24



CHAPTER 1. INTRODUCTION AND OUTLINE

The common impedance cell-based techniques such as xCelligence need a high
population of cells per well per measurement. The large number of cells that
propose more coverage on the electrode, substantially, improves impedance
characteristics of the sensor and provide the tool with higher sensitivity for the
recognition of small cellular alterations induced by external cues such as drugs
or toxins [156]. Recently Zhang and co-workers [156-158] have demonstrated a
single cell-based impedance assay on gold electrodes. These assays are based on,
firstly, designing the underlying electrode as small as the size of a cell to achieve
a full-covered surface and, secondly, providing covalently-bound adhesive
peptides on the surfaces to provide the tight cell-surface connections. Single cell-
based sensors circumvent the contribution of cell-cell adhesion in changing
impedance, and therefore, make the fundamental studies on cell-surface adhesion

possible [156].

In addition to high-throughput impedance information, different mathematical
and circuit models can be applied to extract detail information about cell
morphology and average cell-cell and cell-surface adhesion [147, 159]. The
following sections introduce the way that impedance data on cells can be used to
investigate the cell attachment and adhesion over time in addition to extracting
adhesion and morphological information by modelling the results (part A) as well
as how the response is regulated in the presence of physical cues (part B) or

soluble signals (part C).

A) Study cell attachment and spreading using impedance cell-based

assay’s
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Cells generally in suspension retain the round shape, and when they found the
appropriate interface they start to interact by initial contact or attachment.
Subsequently, attached cells undergo morphological alterations and increase their
contact area with the surfaces, known as spreading, followed by going through
proliferation stage. The spreading and growth states of cells are very crucial
parameters that need to be precisely investigated during cultivation. Impedance
spectroscopy can detect the minute changes in cell attachment to the surface and
the cell coverage on the surfaces in real-time of many cells at the same time.
Figure 1-4 illustrates the schematic of detecting different stages of cell growth

using impedance measurement.
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Figure 1-4. Schematic of the change in impedance value when various stages of cell
attachment and spreading occur over time.
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The compatibility of impedance measurement with many different adherently
growing cell types such as bacteria [53], mammalian cells [160], stem cells [161]
and even insect cells [162, 163] has been confirmed. Designing the experimental
setup is a very crucial step before testing various cellular responses using
impedance spectroscopy. The impedance response is sensitive to the cell type,
species of origin, passage numbers, seeding density and cell culture on the
electrode array [55]. The impedance value also depends on the frequency, and
current chooses to cross through or between cells based on the applied frequency.
Figure 1-5 illustrates the current behaviour at low and high frequencies with the
equivalent circuit models that can be approximated for these systems. If the whole
cell-based design is assumed as an electrical circuit (Figure 1-5C); live cells can
be assumed as a resistor in series with a capacitor. The resistor and capacitor are
modelling the intracellular spaces and lipid membrane of cells, respectively. The
practical contribution of cell units in changing impedance is dominated by the
cell membrane. Thus the cell can be approximated as a capacitor (Cm).Moreover,
the cell/electrode interface in the cell media is approximately defined as a
constant phase element (CPE), as it displays a non-ideal capacitive behaviour.
The capacitive behaviour of cell-surface is due to the accumulation of ionic
species at this interface. The area beneath the cells and the cell-cell junctions can
be approximated as resistors represented with Reeii-cel and Reeli-surface, respectively
[164]. At low frequencies, the capacitance of cells becomes highly resistive, and
the current mainly pass from the spaces between cells. Whereas in the high-

frequency range, the membrane capacitance becomes negligible, and the current
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can enter the intracellular area by passing through the membrane. Therefore, the

measurement at high frequencies is more sensitive to cell spreading.
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Figure 1-5. (A) At high frequencies, current crosses the cell membrane and enter the
intracellular space. (B) At low frequencies, lipid membrane prevents the current to enter
inside the cell. (C) Cells on the electrode surface can be approximated by a circuit model
where Cy, refers to the cell membrane, Reeii-cen and Reeisurface represent the resistance in
the cell-cell and in the gap between cells and the surface, respectively. Ryuk relates to the
resistance of the extracellular area, and CPE describes the media/ surface interface

property.

The impedance of the cell-free electrode either before seeding cells or after
detaching cells at the end of the experiment has to be measured in a cell-based
impedance measurement. This value is used during data analyses to normalize
the impedance results. The normalized impedance values are obtained by
dividing the acquired impedance of cell-covered electrode over time into the
impedance of the cell-free electrode. The normalization process removes the
effect of media and media/surfaces interferences in the obtained data. The
impedance measurement for a cell-free electrode at low frequencies is dominated

by the electrode capacitance and in high-frequency ranges; the ohmic resistance

of the bulk phase dominates.

The frequency resolved impedance data of cell-free electrode and cell-covered
electrodes can be used to obtain useful morphological information about cell
shapes and identify the contribution of change in cell-surfaces, cell-cell adhesions

and cell membrane capacitance in altering the impedance values using a
28
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CHAPTER 1. INTRODUCTION AND OUTLINE

mathematical model developed first by Giaever and Keese [147, 165]. In this
model, the current is assumed to flow radially into the space between the cell’s
ventral side of cells membrane and the substrate and escapes between cells. In
addition, the current density is assumed to be consistent in vertical “z” direction.
According to this model the specific impedance for a cell-covered electrode can

be written as has been shown in equation 1 [147, 159].

Equation (1):

1 1 Zy
7" 7Gxz

Zm
((Zm + Zn))

L)
R

Where lp and |1 are modified Bessel functions of the first kind of order 0 and 1.

Zn (Q.cm?) is assumed equal to constant phase element (CPE), impedance
associated with electrode/electrolyte interface, measured as the impedance of the
cell-free electrode at different frequencies. Z¢ (Q.cm?) is the specific impedance
for cell-covered electrode obtained experimentally. o and Ry are describing the
contribution of cell-surface and cell-cell adhesions in defining the total cell-
covered impedance. As the values of o and Ry are dependent on modified Bessel

function, they cannot be explicitly solved and have to be obtained by curve fitting.
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The resistance of the media (Rouik) value need to be subtracted from the measured
impedance before the calculations and then will be added back for comparing the
experimental and calculated data. To precisely detect this value running
measurement in higher frequencies is recommended [166]. Zm (Q.cm?) is cell
impedance dominated by membrane capacitance (Cm) as is shown in (Equation
2).

Equation (2):

Zn=1/27fCn

In the described model, cells are approximated as disk-shaped objects of the
radius of rc having insulating membrane surfaces and filled with conducting
electrolyte. The cell morphological parameters can be obtained using the

calculated value of a according to (Equation 3).

Equation (3):

a=ru/p/h

Where rc (um) is the assumed cell radius, p (Q.cm) is the specific resistivity of
the cell culture medium, and h is the average height between the basal cell surface
and the substratum. p is a temperature sensitive parameter and is commonly
measured using a simple conductometer in cell culture media. It is worth
mentioning the model later was extended to the conditions that cell morphology

is more logical to be assumed as rectangles and not disks [167].

The attachment and spreading of cells on the surface can be regulated by the
presence of different physical cues on the surfaces or various soluble molecules
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that interfere with cell adhesion and morphology. This dynamic regulation can
be monitored using impedance cell-based assays in a label-independent and

sensitive manner.

B) Study the effects of physical cues using impedance cell based assays
Mammalian cells adhere and interact with ECM, and this interaction is vital for
many of cell functions. ECM composed of proteins such as collagen and
fibronectin that contain RGD adhesive ligands. These ligands are the responsible
for cell adhesion as was explained in section 1.2. In cell-based assays, the ECM
function is mimicked by coating the surfaces with ECM proteins or RGD
molecules. Many aspects of cell behaviour depend on the expression of these
physical cues of their underlying substrate as was discussed in section 1-5. For
instance, cell attachment and spreading are among the cell functions that become
regulated by the molecules immobilized on the surface. Understanding the cell-
surface interactions is crucial in order to optimize these interactions and
achieving a more comprehensive view of cell-ECM connections.

A rather limited number of instruments and experimental methodologies offer the
possibility of studying the cell-substratum interactions quantitatively. The
majority of techniques to measure the strength of cell-substrate adhesion are
based on centrifugal acceleration [168, 169] or exposing the anchored cells to
laminar shear stress [78]. In these methods, a mechanical force is applied to
detach cells from the substrate and counting the number of cells that have resisted
the force and stayed connected. Another common method to quantify cell-
substrate force is using an atomic force microscope [170] that measures the force
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required for the detachment of a single cell from the substratum. An additional
challenge is to measure how such physical cues influence cell response even if
the magnitude of the adhesive forces is known. In some cases, optical microscopy
techniques are employed to investigate the cell density, cell morphology or
quantify the focal adhesion points and relating that to cell adhesion to the surface.
The adhesion process of mammalian cells on artificial surfaces is a time-
dependent process [171]. Endpoint methods that need to separate the cells from
the surface or pre-treating cells require stopping the cell attachment or adhesion
process.

Recruiting of label-free and non-invasive methods enable in situ monitoring of
the cell attachment and adhesion processes over extended periods of time. The
excellent time resolution of impedance cell-based assays provides the potential
for an in-depth investigating on the kinetic of attachment and spreading of cells
in response to different physical cues offered by the surface coatings. For
instance, by employing impedance measurement, it has been shown that coating
the substrate with cell matrices derived from different cell lines including
astrocytes, pericytes, and endothelial cells, alter the kinetic of change in the
resistance values of cerebral endothelial cells and ultimately their barrier function
[172]. In addition to employing different types of ECM, the presence of different
concentration of ECM proteins such as fibronectin also was shown to regulate
the kinetics of cell adhesion to the microelectronic arrays as was detected using
RT-CES® system [57]. In a study by Giaever and co-workers [173] the

attachment and spreading of Madin-Darby canine kidney (MDCK) epithelial
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cells to gold electrodes coated with different proteins has been studied. It was
shown that the capacitance measured at 40 kHz reflect the cell attachment and
spreading in a linear way on surfaces coated with different proteins on gold
electrodes. The data demonstrated that a significantly faster kinetic of cell
attachment and spreading on the surfaces modified with fibronectin occurred
compared with cells on surfaces with vitronectin, laminin, or bovine serum
albumin coatings. In addition to studies run in cell media, a Faradaic impedance
measurement [174] also has been used to examine the cell adhesion to surfaces
modified with different proteins. The results confirmed a linear relationship
between cell adhesion rate and the specific resistance of the cell layer to
negatively charged examined protein.

The RGD adhesive peptides immobilized electrodes have been employed to
provide a well-controlled environment in impedance cell-based assays [157,
175]. However, how the expression of adhesive ligands, the spatial distribution
of these peptides in particular as an example, influences the kinetic of cell
attachment and spreading has not been studied.

C) Study the effects of soluble cues using ECIS

It has been demonstrated that minute changes in cell adhesion and spreading
influence the impedance signal characteristics significantly. These alterations can
be caused by soluble cues such as pharmacons, toxins, food molecules, and
biomaterials that interfere with cell shape and adhesion. Therefore, impedance
measurement has the capability of recognizing the cell responses to various

soluble signals. For instance, it has been shown that the addition of [3-agonists

33



CHAPTER 1. INTRODUCTION AND OUTLINE

(isoproterenol, forskolin, IBMX) [160] or cAMP [166] lead to the increase in
resistance value due to strengthening the cell-cell junctions, while agents such as
[-antagonists (proterenol) [160] or thrombin [149] decrease the impedance value
because of increasing the cell permeability and raising the gap between
neighbouring cells. In another example, the apoptosis induced by cycloheximide
(CHX) has been monitored using impedance measurement, and it was shown that
the disassembly of cell-cell tight junctions precedes the alteration in cell-surface
adhesion and correlate well with the time course of protease activity [176]. Real-
time impedance measurement using the whole cell have been used to study the
effect of various soluble agents on cells in many different applications such as
environmental pollutant monitoring, drug discovery, and cytotoxicity assays and
study cellular functions including cell differentiation [39, 154, 177-179].
Impedance cell-based systems have been used to perform cytotoxicity assays on
different fibroblasts, human hepatocellular carcinoma cells, human colon

adenocarcinoma or cells from kidneys of monkey [180-183].

A large population of drugs interferes with cell shape and morphology or cell
viability, therefore the capability of impedance measurement to monitor the cell
functions in long-term in a non-invasive and label-free manner offers it as one of
the prominent tools for drug discovery and drug screening applications, in
particular through screening the activity of GPCRs [55, 184, 185]. These
receptors can be targeted by soluble cues such as drug molecules, hormones,
neurotransmitters, cytokines, growth factors or nutrients and some adhesive cues
such as cell adhesive ligands. More than half of all current drugs and nearly one-
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quarter of the top 200 best-selling drugs target G-protein-coupled receptors
(GPCRs) to regulate the cell function [186]. Because of the enormous economic
impact of drugs, companies are interested in developing methods and new
techniques for high throughput screening of GPCRs. One way is monitoring the
response of second messengers upon agonist stimulation [187]. Examples include
measuring intracellular calcium flux [188]. Stimulation of GPCRs activates
phospholipase C (PLC), which hydrolyzes phosphatidylinositol bisphosphate
(PIP2) to form two second messengers, inositol 1,4,5-triphosphate (IP3) and
DAG. DAG activates protein kinase C (PKC), and IP3 activates the IP3 receptor
on the endoplasmic reticulum resulting in an efflux of Ca?* from the endoplasmic
reticulum to the cytoplasm and an elevation of intracellular Ca?* [3]. Calcium ion
concentration can be readily detected with a variety of organic fluorescent dyes
and calcium sensing proteins. The activation of GPCRs is, often, associated with
alterations in cytoskeleton arrangement [69, 189]. It is shown that these
alterations in cell morphology and adhesion induced by GPCRs stimulators cause
the change in impedance signal [184, 190, 191]. One of the significant advantages
of impedance cell-based sensing in drug screening over techniques such as
fluorescence microscopy is its capability to track cellular responses for long-term
without interfering with cell functions. This addresses one of the critical issues in
cell-based drug screening assays of finding the endpoint where the effect of the
potential therapeutic compound becomes evident. The time duration of the
exposure to understudy compounds depends on the specific goal of the screening.

The brief incubation time of the cells with the drug may be used to detect the
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acute toxicity and necrotic influences or to measure the signal transduction which
usually takes a few seconds to minutes to be generated and measured. Commonly,
the exposure of several days is necessary to examine the effects of the agents on
cells proliferation, migration or differentiation. Figure 1-6 illustrates the common
scheme of testing the effect of compounds on live cells using a label-based
screening approach. Most of the fluorophore and luminescent dyes and viability
indicators exhibit toxicity properties after a rather short time of incubation with
cells, usually between 0.5 h to 1 h. Some of the viability markers such as ATP
and apoptosis indicators such as caspase may be expressed transiently and are
detectable only within limited time duration [86]. The majority of the
fluorescence dyes quench the fluorescence in a limited time window. These
together highlight the importance of developing the label-free screening methods,
such as impedance-based ones, that measure the effects of the test compound in
real-time. Additionally, label-free methods reduce the risk of artifacts resulted

from the interaction of the examined compound with assay chemistry.

Add assay reagent of
the complementary
method

J‘._'l‘ ’l‘ >

O h-24h A few minutes- several days 5 min-24 h

Cell Add the test
seeding compound

Read the
data

Figure 1-6. General scheme representation labelled-based approaches to examine the
effect of various compounds on live cells.
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Two important points need to be considered while planning to use impedance
cell-based techniques to investigate the cellular functions to environmental

signals.

First, the knowledge of how the presence of physical cues may regulate the
dynamic cellular response to different soluble cues is quite in its infancy. The
surface of a cell chip should have a well-controlled environment both chemically
and physically. In fact, by providing more in vivo-like cell environment, the in
vitro screening models could address the growing concerns about the lack of
efficacy or unexpected side effects which lead to drug failures [192]. As was
indicated the modification of cell interfaces in cell-based tools with controlled

exposure of RGD adhesive ligands is a solution.

Second, the provided information by impedance measurement is an ensemble
data. The subcellular information that can help in undersetting both the
impedance results and the cell behaviour is not possible to be interpreted from
impedance measurement solely. Another unique challenge involved with using
label-free systems, such as impedance cell-based sensing techniques, is the
possibility that the activation of multiple signalling pathways with opposing
influences can result in a lack of overall response, leading to a false outcome
[193]. One solution will be developing more sophisticated devices by combining
the impedance measurement with other traditional techniques such as optical
microscopes. Such an approach would enable a more comprehensive insight into

cellular responses.
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It seems that the combined devices are becoming increasingly implemented in
applied and basic assays on cellular behaviour aiming at gaining more biological
insight on cellular responses at different time scales and locations. This
combination also can cover some of the challenges associated with using optical
cell-based biosensors. Optical microscopy is limited to the numbers of cells in
the field of view, and thus may fail in imaging many cells at the same time. The
cells cultured in vitro display heterogeneous behaviour even when cultured under
controlled condition [86]. The response of all cells under the culture to a stimulus
may not be synchronized. The time to response may vary depending on the
concentration, volume and the duration of the exposure of the chemical
compound which can alter the drug diffusion rate. In combination with
appropriate strategies on engineering the surface chemistry, the coupled
techniques can aid to achieve a more comprehensive view of the effect of soluble

and physical cues on cell functions.

1.10 RESEARCH AIM AND THESIS OUTLINE

Live cells respond to various signals that they are subjected to in their
environment, and the way they choose to react, often, determines their fate. These
signals are vary in time scale and space. The mechanisms behind the responses
are even more complicated as physical properties of the surrounding environment
(adhesive cues), such as ligands in the extracellular matrix (ECM), also play a
major role in signalling processes and the overall cells responses. Specifically,

the Arg-Gly-Asp ligands present in ECM have been mainly known for
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determining the extent of the cell attachment and spreading in its environment
through binding to cellular integrins. Most of the current methods of monitoring
cell responses provide an incredible way to monitor just specific steps of the
whole cellular event. This study was aimed at developing a dual optical
microscopy and impedance cell chip for monitoring cellular responses to soluble
cues. This helps in finding the possible correlation between intracellular events
such as Ca?* signalling and change in cell cytoskeleton in response to soluble
cues. In addition, this study was aimed to achieve a more comprehensive view of
cellular responses to soluble cues in the presence of different expression of
adhesive ligands. In order for these goals to be accomplished, the study started
off by examining and modifying various substrates that are compatible with
electrochemistry measurements. In the earlier parts of the research (Chapter 3),
the surfaces of gold electrodes have been coated with low impedance and
antifouling coatings. The layers were assessed for their ability to limit nonspecific
proteins adsorption using fluorescence microscopy and electrochemical
impedance spectroscopy. Although gold is the most common surface for
bioelectrical measurements, it was decided to change the interface for the dual
cell chip application as gold quench the fluorescence. In addition, for transmitted
optical microscopy applications such as phase contrast microscopy, the
transparency is a prerequisite. In chapter 4, as a transparent and conductive
interface, indium tin oxide (ITO) electrodes were modified with controlled
density of Arg—Gly—Asp (RGD) adhesive ligands. The RGD spacing on these

surfaces was estimated, and the regulation of cell enumeration and spreading
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based on RGD spacing was demonstrated using fixed-cell fluorescence
microscopy. A Simultaneous setup for running simultaneous live optical
microscopy and impedance spectroscopy were designed based on interdigitated
ITO electrodes to monitor the dynamic of attachment and spreading of cells on
the surfaces. The results also were used to coordinate the impedance data with
the amount of cell coverage on the surface. Chapter 5 illustrates the application
of the dual readout system using live fluorescence microscopy and impedance
spectroscopy to investigate how surface chemistry influences the signalling
pathways that are stimulated by soluble cues and cell adhesion pathways. G-
protein coupled cell receptors were used as the pathway interrupted with soluble
cues, histamine model drug, inducing changes in cell shape, intracellular
signalling (e.g., calcium signalling) and remodelling of cell adhesion to the
substratum all with significantly different time scales. This part of the study
highlights the importance of controlling the cellular adhesive environment on cell
response to chemical cues in a gquantitative and dynamic manner. Chapter 6
demonstrates the developed cell chip efficacy to acquire biological information
by screening the effect of potential therapeutical compounds cells. The
impedance spectroscopy on interdigitated ITO surfaces was used to detect the
useful time window of a potential antifibrotic agent on primary human cells.
There is no other reported method to screen the potential antifibrotic compounds
on live cells in real-time. The microscopy analyses performed afterward provided

quantitative subcellular information on the effects of the examined agent at
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individual cell level as well as confirming the validity of using impedance

spectroscopy for such applications.

This study demonstrates the requirements of making a simultaneous
opto/electrical cell chip and highlights the power of the dual approach in

screening the cell behaviour toward soluble cues in the presence of adhesive cues.
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2.1 MATERIALS

2.1.1 Chemicals

All chemicals, unless noted otherwise, were of analytical grade and used as
received. Dichloromethane, ethyl acetate, and ethanol were redistilled prior to
use. Sodium nitrite, potassium chloride, potassium dihydrogen phosphate,
dipotassium hydrogen phosphate, potassium ferricyanide, potassium
ferrocyanide, O-(2-mercaptoethyl)- O’-methyl-hexa(ethylene  glycol)
(C12H3207S), 1-dodecanethiol (C12H2sSH), albumin_fluorescein isothiocyanate
conjugate (FITC-BSA), N-hydroxysuccinimide (NHS), carbon disulphide, 16-
Phosphohexadecanoic acid of 99.5% purity (PHDA), dichloromethane,
Potassium carbonate (K2COs), N,N'-disuccinimidyl carbonate (DSC), 4-
(dimethylamino)pyridine (DMAP), Hoechst (33342), ethylene glycol tetraacetic
acid (EGTA), anhydrous dimethyl sulfoxide (DMSO), histamine and methanol

were purchased from Sigma- Aldrich (Sydney, Australia).

Fura-2/acetoxy-methyl ester (Fura 2-AM) (10 x 50 ug), 16% paraformaldehyde,
triton x 100, phalloidin-Alexa488 (A123779), pluronic F-127, Dulbecco's
modified eagle’s medium (DMEM), phenol red-free DMEM, Dulbecco's
phosphate buffer saline (DPBS), nutrient mixture F-12, PBS, fetal bovine serum
(FBS), Alexa Fluor 488 conjugated secondary goat anti-mouse antibody and

Fluorobrite were purchased from Invitrogen (Sydney, Australia).

Hydrogen peroxide, hydrochloric acid (32%), sulfuric acid (98%), and

chloroform were obtained from Ajax Finechem. (Sydney, Australia). 4-
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Aminophenyl phosphorylcholine (Ci1H19N204P) was bought from Toronto
Research Chemicals Inc. (North York, Canada), 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC, 98 %) and dl-thioctic acid (a-lipoic acid,
98%) were purchased from Alfa Aesar Inc. (Heysham, UK). The antifouling
molecules  1-aminohexa(ethylene  oxide)  (H2N-EOs-OH) and 1
aminohexa(ethylene oxide) monomethyl ether (H2N-EO4-OCH3) were obtained
from Biomatrik Inc (Jiaxing, China) . Peptide GRGDS was from Genscript
(Sydney, Australia). Hank's buffered salt solution (HBSS) was purchased from
Gibco® (Eggenstein, Germany). Mouse anti-human collagen | monoclonal
primary antibody and mouse monoclonal IgG1 were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Ficoll PM 400 and 70 were from GE
Healthcare (Buckinghamshire, UK). TGF-B1 was purchased from R&D Systems

Inc (Minneapolis, MN, USA).

2.1.2 Electrodes

Glassy carbon (GC) (3.0 mm diameter disk) and polycrystalline gold (1.6 mm
diameter disk) electrodes were obtained from CH instruments Inc. (Austin, TX,
USA). Gold-coated polyester films were purchased from Materio Inc.
(California, USA) and used for X-Ray photoelectron spectroscopy (XPS) and

fluorescence microscopy studies in chapter 3.

Plain Indium tin oxide (ITO) surfaces were from SPI (Pennsylvania, USA).
Interdigitated indium tin oxide (ITO) electrodes were purchased from ALS Co.,
Ltd (Tokyo, Japan). The interdigitated indium tin oxide (ITO) electrodes that

were used in this study consist of 65 pairs of finger electrodes with 10 um width
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and 5 um spacing between each electrode and approximately 100 nm thickness
on rectangular AT-cut quartz crystals of around 0.45 mm thickness. An insulating
Novolac resin-based membrane on the surfaces confines the sensing area to the

interdigitated working electrode.

2.2 SYNTHESIS

2.2.1 Preparation of dithiocarbamate phenyl phosphorylcholine solution

Dithiocarbamate phenyl phosphorylcholine solution was prepared by following
a method presented by Zhu et al. [194]. Briefly, a 5 mM amine solution was
prepared by dissolving an appropriate amount of phenyl phosphorylcholine
(PPC) in 40 ul Milli-Q water and the addition of 3 ml ethanol followed by
degassing for 15 min with argon. Then, this solution was treated with
dithiocarbamate (CS.), agitated, and bubbled with argon for 30 min to create a 2
mM CS: solution. In this method, CS; works as the limiting reagent to minimize
the side products formation, and excess amine acts as a basic agent to increase

the efficiency of the reaction of amine groups with CS;.

2.2.2 Synthesis of lipoamide PPC

The synthesis route of PPC-lipoamide molecule is shown in Schematic 2-1. To
synthesize lipoamide PPC, an aqueous solution containing 2.5 mM PPC with one
equivalent EDC, two equivalents NHS and 1.1 equivalents a-lipoic acid was
mixed and stirred vigorously. Thin layer chromatography on silica was used to

monitor the progress of the reaction. The reaction was stopped after 10 h. The
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water was removed by adding anhydrous ethanol and using a vacuumed rotary
evaporator at room temperature. The product was purified by flash
chromatography on a silica column using a mixture of water, ethanol, and
chloroform (0.5:2:1.3). Thin layer silica chromatography and 1H NMR (MeOD,

300.2 MHz) was used to characterise the final product.

The retention value (Ry) for the product was 0.44 using this mixed eluent. The
product was visualized as dark spots under UV, and as blue spots after dipping
the silica plate into AMCS solution, which contains ammonium molybdate,
cerium sulphate and sulfuric acid (10%). The final white compound was
characterized using 1H NMR (MeOD, 300.2 MHz) (Figure 2-1): & 1.15-1.35 4H,
1.42-1.95 5H, 2.33-2.55 5H, 3.18 9H, 3.62 2H, 4.34 2H, 7.18 2H, 7.49 2H and
31P NMR (HZ) 6 -7. The solution of the synthesized lipoamide molecules in

methanol was used to prepare gold modified surfaces with lipoamide PPC layer.
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Schematic 2-1. Process of coupling 4-amino phenyl phosphorylcholine to a-lipoic acid
to produce lipoamide PPC using EDC/NHS zero-length crosslinkers, followed by
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modification of gold surface using the prepared zwitterionic lipoamide PPC molecule.
The reaction was run at room temperature (rt).
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Figure 2-1. The 'H -NMR spectra of the synthesized lipoamide PPC molecule the
structure of the molecule and related important peaks. The formation of lipoamide PPC
molecules (the structure is shown in the picture) were verified by *H NMR spectra.

2.3 SURFACE MODIFICATIONS

2.3.1 Electrodes cleanings

Gold and glassy carbon electrodes were polished with alumina slurries of 1.0,
0.3, and 0.05 mm on micro cloth pads. The GC electrodes were thoroughly rinsed
with Milli-Q water after polishing and were dried under nitrogen gas. For XPS
characterization and fluorescence microscopy studies, glassy carbon plates were
used. The GC plates were cleaned in the same way as was performed for disk
electrodes. The polishing of gold electrodes was followed by electrochemical
cleaning in 0.05 M H2SO4 by cycling the potential between -0.1 and 1.5 V (vs.
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Ag |AgCI|KCI (3 M)) until a reproducible voltammogram was obtained. Gold-
coated polyester films were cleaned by rinsing with ethanol followed by
immersing for 1-2 min in piranha solution (a 1:3 mixture of 30% hydrogen
peroxide solution and concentrated sulphuric acid) followed by rinsing with
copious amounts of Milli-Q water. The piranha solution was left to cool down to

room temperature before use to avoid damaging the polyester films.

Caution: piranha is extremely powerful oxidiser and potentially explosive in
contact with organic materials and therefore should be handled with extreme

care.

ITO surfaces were first cleaned in an ultrasonicator with dichloromethane and
then methanol for 10 min each, followed by sonication in 0.5 M K>,COzand in a
3:1 methanol: Milli-Q water mixture for 30 min to remove any residual organic
contaminants. The surfaces were then rinsed with copious amounts of Milli-Q
water followed by methanol. To clean interdigitated ITO surfaces, the surfaces
first were rinsed with copious amounts of Milli-Q water and methanol and then
were placed in an oxygen plasma cleaner (Harrick Plasma Cleaner/Sterilizer
PDC-32G, Ossining, NY) for 5 minutes after being dried under a stream of

nitrogen.

2.3.2 Electrochemistry of reductive adsorption of in situ generated PPC
diazonium salt

The modification of gold and glassy carbon (GC) electrodes with PPC was

performed using the electrochemical reduction of 4-aminophenyl

phosphorylcholine diazonium salt on the surface. The electrochemical
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modification of electrodes was performed in a deaerated aqueous solution of 5
mM PPC and an equivalent amount of NaNOz and 0.5 M HCI by cycling potential

for five times between 0.2 and -0.6 V at a scan rate of 0.1 Vs™.

2.3.3 Modification of gold electrodes with dithiocarbamate PPC, lipoamide
PPC, 1-dodecanethiol (C12) and O-(2-mercaptoethyl)-O’-methyl-
hexa(ethylene glycol) (OEG)

To form Au/dithiocarbamate PPC, the clean gold electrodes were soaked in the

freshly prepared solution of 2 mM dithiocarbamate PPC in ethanol for 16 h. To

construct Au/lipoamide PPC, gold electrodes were incubated in 2 mM solution
of lipoamide PPC in methanol for 16 h. Gold electrodes were soaked for 12 h in

1 mM OEG and C12 solutions in ethanol to form OEG and C12 SAMs on the

surfaces, respectively.

2.3.4 Preparation of ITO surfaces modified with different RGD densities

A multi-step strategy was followed to modify the surfaces chemically with RGD
molecules with defined spacing. A 5 mM PHDA in methanol solution was used
to assemble PHDA SAMs for 12 h followed by rinsing with methanol. The
substrates were then annealed at 150 °C for 48 h under vacuumed. The carboxylic
acid terminal groups of the PHDA SAM was activated with 50 mM EDC and 50
mM NHS in an aqueous solution for 2 h followed by rinsing with Milli-Q water
and ethyl acetate. Carboxyl activated ITO surfaces were incubated in acetonitrile

containing various ratios of 10 mM 1-aminohexa(ethylene oxide) to 1-
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aminohexa(ethylene oxide) monomethyl ether. The modified surfaces were
rinsed with ethyl acetate several times and dried under a stream of nitrogen. The
hydroxyl-terminated hexa(ethylene oxide) molecules were activated with a 0.1
M solution of dry acetonitrile containing DSC and DMAP for 12 h. The activated
surfaces were then washed with a copious amount of ethyl acetate and dried under
a stream of N2. The samples were then immersed in 20 mM phosphate buffer
containing 15 pug/mL of Alexa Fluor 647-tagged GRGDS for 30 min at room
temperature. The modified ITO surfaces were washed with Milli-Q water and
PBS and were used the same day to seed the HeL a cells on. Before culturing cells
on the samples, they were washed using 70 % ethanol followed by PBS under

safety cabinet.

2.3.5 Preparation of ITO surfaces modified with fibronectin

900 pl Milli-Q water was added to the Eppendorf containing 100 ul fibronectin
(1 mg/ml) solution. The minimum possible of diluted fibronectin was applied to
the surface followed by incubation at 37°C for 30 min. The excess fibronectin
was removed and rinse three times with water. It is worth noting that the
sonication in K2COs or using an oxygen plasma cleaner should be avoided as they

cause the surface to become hydrophilic and non-adherent to fibronectin.
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24 INVITROSTUDIES

2.4.1 Cell culture

HeLa cells were grown to confluence in DMEM culture media supplemented
with 10% fetal bovine serum, 0.1% glutamine at 37 °C in a humidified
atmosphere with 5% CO2. Every 3—4 days, the cells were detached from the
culture flask using trypsin and washed with PBS containing 0.9% sodium

chloride and then were resuspended in fresh media.

2.4.2 Plating cells on ITO modified substrates
When the cells reached 80% confluence, they were removed from the flask with
0.25% trypsin, and were counted using TC20™ automated cell counter, and the

appropriate amount of cells were separated for plating on different surfaces.

2.4.3 Primary cell culture and plating

Cells were subsequently grown in T75 flasks in a humidified incubator (Heraeus,
Germany) containing 5 % CO> at 37 °C, and maintained in DMEM/glutamax
media containing 10 % FBS and penicillin/streptomycin (1% v/v). The cell
culture medium was changed every 2 days, and all experiments were conducted

on cells between passages 3 to 5.

2.44 Fixed cells staining with Hoechst 33342 and Alexa fluor® 488
phalloidin

The cell-covered surfaces were washed three times with PBS. To fix the cells, 1

ml of 4% (v/v) paraformaldehyde (PFA) in PBS was placed on the substrate. The

container was covered with aluminium foil and was put in the incubator for 15
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minutes followed by rinsing three times with PBS. For washing, enough amount
of solution was transferred to the well-plate using a pipette, the well-plate was
shaken gently including shaking for 5 min in PBS for the last washing, and the
solution was transferred into a waste bottle. Cells were permeabilized for
phalloidin staining by putting 0.1% Triton x 100 in PBS on the surface for 5
minutes at room temperature. Then, the substrate was washed three times with
PBS. To reduce nonspecific background staining with these conjugates, samples

were incubated with 1 mg/ml BSA in PBS for 1h at room temperature.

For Phalloidin staining, Alexa fluor® 488 phalloidin (excitation/emission:
495/518 nm, green) or Alexa Fluor® 647 phalloidin (excitation/emission: 650/668
nm, red) were used. A solution of dye conjugated phalloidin solution in PBS
(1:200) was prepared and placed on the substrate followed by incubation for 20
minutes, while it was covered with aluminium foil. To visualize nuclei, Hoechst
staining (33342, Trihydrate - 10 mg/mL Solution in Water from life technology)
(excitation/emission 350/461 nm, blue) was carried out next. A solution of
1:1000 Hoechst (10 mg/ml) 33342 solution in PBS (1ug/ml) was made up and
added to the well-plate followed by incubation for another 5 minutes while the

plate was covered with foil. The substrate was washed three times with PBS.

For storing, the fixed cell-covered substrates can be either submerged in PBS
(with Ca?* and Mg?*) at 4 °C or be mounted onto glass slides using mounting
media (mowiol gel) that contains an anti-bleaching agent. The later one is suitable

for long term storage.
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2.4.5 Live cells staining with fura-2 AM
Fura-2/acetoxy-methyl ester (fura-2 AM) was selected to stain the plated HelLa
cells on modified ITO surfaces for live cell calcium signalling measurement. The

chemical structure and excitation spectra of fura-2 AM are shown in Schematic

2-2.
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Schematic 2-2. (Left) The chemical structure of fura-2 AM, and (right) The excitation
spectra for 1 UM Fura-2 at 20 °C in buffers with free Ca2* values ranging from <1 nM to
>10 uM [11].

The loading was performed using the protocol developed in the Herman group
[195]. The temperature and incubation time were optimized for the conditions of
the current study as will be discussed in chapter 5. Finally, as the optimum
condition, cells were incubated in phenol red-free DMEM containing 10% FBS,
2 uM fura-2 AM and 1pul of 10% w/v pluronic F-127 in DMSO for 45 min at
room temperature. Cells were washed twice with the imaging buffer made of

Hanks' balanced salt solution plus 0.8 mM MgCl, 1.6 mM CaCl, and 5% FBS.
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2.4.6 Immunocytochemistry for collagen visualization

The cell-covered electrodes were washed with PBS and were blocked with 3%
bovine serum albumin (BSA) in Fluorobrite for 10 min. After that, the primary
antibody solution was added. This solution was prepared by diluting the primary
collagen 1 mouse monoclonal 1gG1 antibodies in blocking solution (1:1000 v/v).
The cell-covered surfaces were then placed in a cell culture incubator for 90 min
and then were washed two times in Fluorobrite (5 min per wash). After that, the
cells were fixed in 4% paraformaldehyde solution for 10 min at room
temperature. The secondary antibody solution was prepared by diluting the
secondary goat anti-mouse antibody conjugated to Alexa-fluor 488 in Fluorobrite
(1:500 v/v). The solution was incubated with cells at 37°C for 30 min following
washing cells in Fluorobrite twice (5 min per wash). To stain the nuclei,
Hoechst® staining solution (1:1000 v/v in Fluorobrite) was incubated for 10 min
at room temperature with cells. The coverslips were mounted on the slides using
Prolong® Gold anti-fade mounting solution (Life Technologies, USA). The
mounted slides were stored in a light-proof box at 4°C until imaging for

quantifying the amount of collagen per cell or for coherency analysis.

2.4.7 Coherence analysis

The prepared slides with stained collagen fibres and nucleus were imaged using
Leica TCS SP2 multiphoton confocal microscope with a Leica confocal software
(LCS). Slides were imaged using a 40x oil objective and a 488 nm laser
wavelength. Each slide was imaged in at least three separate areas, randomly

chosen by the assessor. A z-stack of each region was taken, as determined by the
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top and the bottom of the collagen layer. Once the top and bottom of the z-plane
were set, images were taken at 0.05 uM intervals and then condensed into a single
frame using the maximum projection function. The coherency of collagen fibres
was analysed on confocal images using the orientation J plugin of Fiji software
[196] and the orientation J package methodology. Briefly, six regions of interest
(ROIs) were chosen at random, excluding those areas with deformations or hole
[197]. The ROIs were kept as large as possible to examine the orientations of the
collagen bundles, as opposed to the local variations within the bundles. The
‘measure’ feature was then used to determine the coherence of each ROI. The
coherency function draws an ellipse that indicates the coherency of the ROI. The
coherence formula takes into account the largest eigenvalue (major axis) and the
smallest eigenvalue (minor axis). The coherency equal to 0 means that the ellipse
has become a circle, with no elongation and no aligned structures present in the
position of the image. The coherency value of 1 represents that the ellipse has
become a line segment, with very high elongation and oriented structures present

in the position of the image.

2.5 CHARACTERISATION TECHNIQUES AND

INSTRUMENTATION

2.5.1 Electrochemical measurements
All electrochemical experiments were conducted in a conventional three-

electrode system, comprising gold or glassy carbon as the working electrode, a
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platinum foil as the auxiliary electrode, and an Ag|AgCl|3.0 M potassium

chloride as reference electrode (CH Instrument Inc., Austin, TX, USA).
Cyclic Voltammetry

The cyclic voltammetry data were acquired using a pAutoLab Il potentiostat

(Metrohm AutoLab B. V. Netherlands).
Faradaic Impedance Spectroscopy

Electrochemical measurements were performed in an aqueous solution of 1 mM
ferri/ferrocyanide ([Fe(CN)s]¥*) containing 0.1 M potassium chloride. After
rinsing the modified samples with copious amount of water, ethanol and
methanol and drying under a stream of argon gas, the blocking properties of the
grafted layers toward the electrochemical response of ([Fe(CN)s]**) redox probe
were investigated. Solartron SI 1287 electrochemical interface coupled with an
S11260 frequency response analyser (Solectron Analytical, Hampshire, England)
was used for EIS measurements. EIS spectra were recorded in the frequency
range of 10° to 10"t Hz. An AC potential, with 0.01 V peak to peak amplitude,
was superimposed on a DC potential of 0.2 V. Impedance data were recorded
using Zplot and Zview 3.1 software (Scribner Associates, Inc.). Ret of each
system was obtained by fitting the Nyquist plot with a Randles equivalent circuit.
The circuit consists of the Rc, ohmic resistance of the electrolyte, Warburg
impedance (resulting from the diffusion of the redox species), and a constant
phase element (modelling the double-layer capacitance). A constant phase
element was used to compensate for lack of ideal capacitance behaviour of the

interface.
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Non-Faradaic Impedance Spectroscopy

EC-Lab® V10.33 (BioLogic, Science Instruments) software was used to analyse
the impedance data. For impedance measurement and analysis, the interdigitated
ITO surfaces were probed with a weak non-invasive AC signal within the range
of frequency between 40000-400 Hz (10 mV). The active surface area of the
interdigitated ITO area was 1.3 x 10 cm?. The impedance of modified cell-free
interdigitated 1TO electrodes was measured as baseline data. Then, the real-time
impedance read-out of the cell layer before and after histamine addition was
monitored. The impedance value has been normalized by dividing the impedance

of cell-covered electrode to the baseline impedance.

2.5.2 X-ray photoelectron spectroscopy (XPS) measurement

XPS analyses were conducted using an Escalab220-1XL spectrometer equipped
with a monochromatic Al Ka source (1486.6 eV), a hemispherical analyser, and
a multichannel detector. The spectra were accumulated at a nominal
photoelectron take-off angle of 58° with a 0.79 mm? spot size at a pressure of less
than 10 mbar. Wide surveys were obtained at a pass energy of 100 eV with 1.0
eV step sizes and a minimum of 25 scans. Narrow survey scans (N 1s, P 2p, S
2p, O 2p and C 1s) were conducted with 0.1 eV step size, 100 ms dwell time, and
20 eV pass energy. The experimental energy shifts were corrected with reference
to Cls at 284.8 eV. XPSPEAK 4.1 data analysis software was used to calculate
the elemental compositions from peak areas. Percentage coverage for the
different elements and sub-groups were estimated from the related fitted area and

attributed sensitivity factors.
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2.5.3 Optical Microscopies

Phase Contrast and Epifluorescence Microscopy

The sequences of fluorescence and phase contrast images were acquired on a
Zeiss Axio Observer X.1 Spinning Disk/TIRF inverted microscope with Zeiss
ZEN software. The microscope was equipped with the lambda DG4 light source
switcher and a scientific complementary metal-oxide semiconductor (SCMOS)
camera (Orca Flash 4). The wavelength switcher allows shifting between two
wavelengths in less than 1.2 ms useful for fura-2 ratiometric measurements.
Depends on the experiment, different objective of 10x, 20x or 40x have been
used. For ratiometric imaging, the exposure time was set to 50 ms.

A Leica DMIL inverted fluorescence microscope (Leica Microsystems Pty Ltd,
USA), equipped with transmitted light LED back illumination and EL6000
Fluoro system (mercury lamp) was employed to investigate cells density and
spreading with a relatively good resolution at 10x or 20x magnifications. At least
three samples were prepared for each experiment, and five adjacent fields were
counted for each sample under 250 ms exposure time. The obtained images were
processed using ImageJ analysis software with appropriate plugins for distance,

area, and cell counting analysis

2.5.4 NMR Spectroscopy
'H NMR spectra were recorded using a Bruker ACF300 (300 MHz) spectrometer,

employing MeOD as the solvent.
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2.6 STATISTICAL ANALYSIS

Data are displayed as means £ SD unless otherwise stated. Data were analysed
using the GraphPad Prism version 6.0 data management software to conduct
ANOVA on groups of data. Statistically, significant differences between each

treatment were determined using Bonferroni post hoc tests.
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CHAPTER 3. FORMATION OF STABLE AND LOW IMPEDANCE ANTI-
FOULING COATINGS

3.1 INTRODUCTION

One of the essential components of cell-based assays is the substrates to
accommodate cells. One of the required features of these surfaces, especially in
electrochemical cell-based assays, is the ability to resist nonspecific adsorption
of proteins [198]. Antifouling surfaces are also important in applications such as
tissue engineering [199], carriers for targeted drug delivery [200], and
implantable biomedical devices such as catheters and contact lenses [201, 202].
Nonspecific protein adsorption on an electrode may lead to a decrease in sensor
selectivity by interfering with the interaction of target species with the sensing
surface, or may result in fluctuations in sensor sensitivity by blocking the electron
transfer pathway of redox active species [198]. Furthermore, for implantable
electrodes, the initiation of protein adsorption often provokes the immune and
coagulation systems [203, 204]. Hence the antifouling capability of an electrode

is crucial for electrodes used in biological fluids [201, 202, 205].

Poly(ethylene glycol) (PEG) [201] and oligo(ethylene glycol) (OEG)-alkanethiol
self-assembled monolayers (SAMs) [206] in limiting protein adsorption has led
to their wide application in biosensing. In attempts to obviate the potential high
impedance problem of these molecules [207, 208], the interest has been drawn to
develop low impedance antifouling layers comprising zwitterionic molecules
[75].

The use of zwitterions as antifouling materials traces back to the use of
phosphorylcholine (PC) zwitterionic molecules to improve antithrombogenic
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property of biomaterials [209, 210]. Since then the use of similar molecules for
surface modification has become progressively more common [211]. Although
zwitterions are expected to be highly protein resistant, experimental and
molecular studies of the antifouling property of phosphorylcholine molecules on
gold surfaces [210, 212-214] show that the charge balance, dipole-dipole
interaction and packing density are important parameters determining protein
resistance ability of zwitterions. Therefore, apart from the chemical structure,
different synthetic and coating methods have been stated to be considered in the
fabrication of zwitterions-bearing coatings [214-216]. Incorporating
phosphorylcholine zwitterions into alkanethiols to form phosphorylcholine-
terminated zwitterionic SAMs was initiated by both the Whiteside and Cooper
groups [208, 211]. SAMs with zwitterionic head groups anchored by short chains
of alkanethiols face poor stability problem due to oxidation of the gold-thiolate
bond in most physiological solutions which results in loss of the layer from the
surface [217, 218]. On the other hand, the use of long chain alkanethiols is not
desirable because of their high impedance property, which limits the Faradaic
electrochemistry to proceed at the underlying electrode. As an alternative to
alkanethiols is to use aryl diazonium salts derived layers on gold electrode
surfaces because of their greater stability [219, 220]. Aryl diazonium salts
derived layers to anchor antifouling moieties have just started to be explored
[221, 222]. Recently, the Gooding group has shown the utility of modification of
GC electrode surface in resisting protein adsorption using different low

impedance aryl diazonium salts bearing zwitterion molecule [75]. It has been
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shown that aryl diazonium salt derivatives can form stable layers, with efficient
electron transfer kinetics on different surfaces [219, 223-227]. Details on surface
modification using aryl diazonium salts and their properties have been

extensively reviewed [220, 223, 228, 229].

The purpose of this chapter is to create low impedance antifouling coatings on
gold surface for electrochemical bioassay applications. In this regard, three new
PPC bearing gold surfaces were constructed, one is PPC diazonium salt
reductively adsorbed onto gold (Au/PPC) (Schematic 3-1, surface 1) and the
other two are PPC self-assembled onto gold, i.e., dithiocarbamate PPC
(Au/dithiocarbamate PPC) (Scheme 3.1, surface 2) and lipoic acid coupled PPC
(Au/lipoamide PPC) (Schematic 3-1, surface 3) to give monolayers. The protein
resistance ability of these interfaces were compared to those of 1-dodecanethiol
SAM-coated on gold (Au/C12) (Schematic 3-1, surface 4),0-(2-mercaptoethyl)-
O'-methyl-hexa(ethylene  glycol) @ SAM  grafted gold (Au/OEG)
electrodes(Schematic 3-1, surface 5) and PPC diazonium salt reductively
adsorbed on GC surface (GC/PPC) (Schematic 3-1, surface 6). Electrochemical
impedance spectroscopy (EIS) was used to measure charge transfer resistance
(Ret) of the modified surfaces before and after exposure to bovine serum albumin
(BSA) solution in phosphate buffered saline (PBS) detecting the protein resistant
ability of the surfaces. Furthermore, visualizing and quantification of protein

adsorption were conducted using fluorescence microscope imaging.
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Schematic 3-1. Illustration of gold surfaces modified with (1) PPC; (2) dithiocarbamate
PPC SAM,; (3) lipoamide PPC SAM; (4) (11-mercaptoundecyl) hexa(ethylene glycol)
SAM and; (5) 1-dodecanethiol SAM and (6) glassy carbon electrode modified with PPC
diazonium salts. Interfacial impedance and antifouling nature of the newly developed
(1), (2), and (3) surfaces were investigated and were compared with the conventional (4)
antifouling surface, (5) fouled surface and (6) a previously developed antifouling surface
with low impedance from the Gooding group in ref. [17].

3.2 EXPERIMENTAL METHODS

3.2.1 Electrochemical Measurement
The electrochemical cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were performed to modify or characterise the surfaces as has

been explained in Chapter 2, § 2.5.1.

3.2.2 Preparation of Solution of Dithiocarbamate PPC
Dithiocarbamate phenyl phosphorylcholine solution was prepared as has been

explained in Chapter 2, § 2.2.1.

3.2.3 Synthesis of Lipoamide PPC molecules
The synthesis route of PPC-lipoamide molecule and its characterisation using
thin layer chromatography and 1H NMR (MeOD, 300.2 MHz) are described in

Chapter 2, § 2.2.2,
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3.2.4 Preparation of Phenyl Phosphoryl Choline-based Layers on Gold
The PPC molecules were immobilized on gold surfaces using electrochemical
reduction of 4-aminophenyl phosphorylcholine diazonium salt on the surface

described in Chapter 2, § 2.3.2.

The modification of glassy carbon with PPC involve the electrochemical
reduction of 4-aminophenyl phosphorylcholine diazonium salts [75]. This
process was similar to that for Au/PPC, but the potential range from 0.6 to —0.8
V was used during the electrochemical adsorption process. Figure 3-1 illustrates
the process of in-situ generation of PPC diazonium salt and modifying gold and

glassy carbon surfaces.

NaNO, Iﬁ
—— RERE
HCI
NH, N,

Figure 3-1. The processes of in situ generation of PPC diazonium salt and coupling to
gold or glassy carbon surface. The aromatic amine is converted to the diazonium salt and
then binds to the carbon surface with loss of nitrogen.

3.2.5 XPS Measurement
The instrumental setup and data processing of XPS are detailed in Chapter 2,

§2.5.2.
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3.2.6 Protein Adsorption and Fluorescence Microscope Imaging

The modified samples and the control samples were soaked in 1 mg/ml FITC
labelled BSA solution in PBS (pH 7.4) for 0.5 h at 4 °C. The containers were
wrapped in aluminum foil to protect FITC fluorophores from light. To be able to
read the background fluorescence, necessary for fluorescence intensity analyses,
samples were placed in plain PBS solution. After removing the solutions, the
samples were washed with PBS three times followed by rinsing with Milli-Q
water. Fluorescence microscopic images were captured as described in Chapter

2,83.34.

3.3 RESULTS AND DISCUSSION

3.3.1 Electrochemistry of reductive adsorption of in situ generated PPC
diazonium salt on gold and glassy carbon electrodes
The cyclic voltammograms of the reduction deposition of in situ generated PPC
on gold and glassy carbon electrodes are shown in Figure 3-2. On gold surfaces,
the first reduction peak was observable at around —0.03 V in the first cathodic
scan. From the second scan onward, the reduction peak was dramatically
attenuated. The attenuation is an indicator of increasingly bounded phenyl groups
to the surface. The formed layer of PPC serves as an insulating organic layer,
which limits further reduction of the reduction deposition the aryl diazonium salt
onto the surface. On glassy carbon, unlike on gold, the reduction peak of in situ

generated PPC was not clearly observable. However, although there was no
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distinct reduction peak observed in the case of glassy carbon, the dramatic
decrease of cathodic current between +0.15 to -0.75 V in the second scan
indicated the formation of phenyl layers on the electrode surface[75]. The
potential at which the reductive adsorption occurs was more positive on gold
compared with on glassy carbon electrode. This observation is consistent with
the previous works by the Gooding group, where carboxyphenyl [227], 4-sulfo
phenyl [225] and 4-nitrophenyl [224] diazonium salts were electrochemically
bonded to gold and glassy carbon electrode surfaces. The presence of the
reduction peak even after the 5™ cycle, on both gold and glassy carbon surfaces,
is tentatively suggesting that the surfaces have not been completely passivated by

PPC molecules.
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Figure 3-2. Cyclic voltammogram of the reductive adsorption of in situ generated PPC
diazonium salt in an aqueous solution containing 5 mM PPC, 5 mM NaNO and 0.5 M
HCI, at 0.1 V s-1 on (a) gold electrode and (b) glassy carbon electrodes. Each scan is
represented by solid line (1st scan), large dash curve (2nd scan), dash-dot curves (3rd
scan), small dash curve (4th scan), and dotted curve (5th scan). The suppression of the
electrochemistry after the first scan being indicative of passivation of electrode surfaces
by grafted PPC molecules.
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3.3.2 Characterisation of Lipoamide PPC molecules

The retention value (Ry) for the product was 0.44 using the mixed eluent of water,
ethanol, and chloroform (0.5:2:1.3). The product was visualized as dark spots
under UV, and as blue spots after dipping the silica plate into AMCS solution,
which contains ammonium molybdate, cerium sulphate and sulfuric acid (10%).
The final white compound was characterized using 1H NMR (MeOD, 300.2
MHz) (Figure 3-3): & 1.15-1.35 4H, 1.42-1.95 5H, 2.33-2.55 5H, 3.18 9H, 3.62
2H, 4.34 2H, 7.18 2H, 7.49 2H and 31P NMR (HZ) ¢ -7. The solution of the
synthesized lipoamide molecules in methanol was used to prepare gold modified

surfaces with lipoamide PPC layer (Au/lipoamide PPC).
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Figure 3-3. The 1H -NMR spectrum of the synthesized lipoamide PPC molecule. The
structure of the molecule and the related important peaks have been illustrated. The
formation of lipoamide PPC molecules was verified by 1H NMR spectroscopy.

68



CHAPTER 3. FORMATION OF STABLE AND LOW IMPEDANCE ANTI-
FOULING COATINGS

3.3.3  XPS Characterization of Gold and Glassy Carbon Modified Surfaces
The core level XPS spectra for carbon, nitrogen, oxygen and thiol of the three
new interfaces (i.e., Au/PPC, Au/dithiocarbamate PPC, and Au/lipoamide PPC)
are shown in Figure 3-4. The C 1s high-resolution spectra were fitted with several
peaks with a main peak centred at about 284.5 eV, which corresponds to the C-C
binding energy. The fitted peaks at around 286.5 eV in C 1s regions are
characteristic of the carbon atoms bound to nitrogen and oxygen. The emergence
of new peaks at 288.7 and 289.0 eV in the C 1s core level spectra of
Au/dithiocarbamate PPC revealed the formation of S-C-N and S-C-S bonds,
respectively. A peak at the binding energy related to carbonyl group, which is
287.5-288.1 eV [230], was observed in the C 1s core level region of Au/lipoamide
PPC. In the N 1s narrow scans of the three interfaces, the spectra were fitted with
two peaks centred at ~400 eV and ~402 eV. The nitrogen peak at around 402 eV
is indicative of the presence of the ammonium nitrogen of phosphorylcholine
group. The peaks at ~400 eV in the N 1s core level region of Au/PPC substrate
(indicated with N* in Figure 3-4) is often attributed to formation of very small
proportions of azo groups (CN=NC), as has been discussed in the literature as a
consequence of deposition of aryl diazonium salts on surfaces [231, 232].
However, a very low intense nitrogen peak at ~400 eV for the bare GC surface
was observed [75]. Peaks at around this binding energy in the cases of
Au/dithiocarbamate PPC and Au/lipoamide PPC (indicated by N** in Figure 3-4)
are attributed to the nitrogen atom attached to carbon disulphide and the nitrogen

atom of the amide bond in their structures, respectively.
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Figure 3-4 also shows the S 2p narrow spectra of Au/dithiocarbamate PPC and
Au/lipoamide PPC. The S 2p core level regions show a main peak centred at
161.01 eV for Au/dithiocarbamate PPC and 162.37 eV for Au/lipoamide PPC
assigned to the S 2psp sulphur species. S 2ps» peak corresponds to the
chemisorbed organosulphur compounds on Au [233]. The lower value of S 2p3/2
binding energy for Au/dithiocarbamate PPC surface shows that the
dithiocarbamate sulphur atoms carry more negative charge (shifted from the
nitrogen atom and phenyl group to the CS, moiety) than thiolates bound to Au
[234]. The presence of phosphorylcholine groups on all PPC-based modified
surfaces was confirmed by the appearance of phosphorous peak at ~133 eV
(EP2p), nitrogen peak at ~402 eV (EN1s), and oxygen peak at 530-531 eV (EO1s
(01)) (Table 3-1 and Figure 3-5). Table 3-1 also shows the S/Au ratios for
Au/dithiocarbamate PPC and Au/lipoamide PPC while the values of S and Au
were calculated from the respected percentage coverage of S 2p3/2 and Au peaks
from XPS, respectively. The S/Au value is an indicator of sulphur atoms bound
to the substrate [233]. This value for Au/lipoamide PPC is about twice as large

as that for Au/dithiocarbamate PPC for surfaces modified in a similar manner
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(i.e., same incubation time in the equally concentrated modifying solution).
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Figure 3-4. XPS spectra of Au/PPC, Au/dithiocarbamate PPC, and Au/lipoamide PPC
surfaces in C1s and N 1s core level regions. The nitrogen peak at 402.97 eV is assigned
to nitrogen of phosphorylcholine group. Peaks at 288.7 and 289.02 eV in the C1s core
level spectra of Au/dithiocarbamate PPC and Au/lipoamide PPC confirm the formation
of S-C-N and S-C-S bonds.S 2p3/2 binding energy corresponds to the chemisorbed
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organosulphur compounds on Au, which is lower for Au/dithiocarbamate PPC surface
indicating that dithiocarbamate S atoms carry more negative charges.

The conclusion on the degree of coverage (or surface density) was confirmed by
obtaining the estimated values of fractional molecular coverage for
Au/dithiocarbamate PPC and Au/lipoamide PPC based on the adlayer
approximation model introduced by Fadley. In Fadley modified model, ratios of
adsorbate species to surface atoms on Au(111) plane (NmL/Nau) from XPS results
is estimated as an indicator of the fractional coverage of monolayer (ML) of
formed SAMs [194, 235]. This method relies on the measured value of adlayer-
to-substrate intensity ratios and assumes a non-attenuating adlayer. In this regard,
the Au/lipoamide PPC and Au/dithiocarbamate PPC are ideal as the formed
SAMs allow the S 2p and Au 4f signal intensities to be collected without minimal
extinction. The model accounts for experimental factors such as XPS sampling
geometries and elemental sensitivities. The polycrystalline Au surface was
approximated as Au(111) facet in order to relate the observations to the structural
data available for alkanethiols on defined gold surfaces[236]. Using this model,
the fractional coverage of monolayer for Au/lipoamide PPC and
Au/dithiocarbamate PPC were calculated of 0.21 and 0.12 ML, respectively, by
taking account of the two sulphurs that each lipoamide PPC and dithiocarbamate
PPC molecules possess. The fractional coverage of monolayer of close-packed
alkanethiol SAMs for a (V3 x V3) R30° superlattice on Au(111) is assumed to be

0.33 ML [234].
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The ratio of percentage coverage of the ammonium nitrogens peak centred at
~402 eV in the N 1s core region and phosphorous peak centred at ~133 eV in P
1p core region can also provide information on the quality of these layers (N/P
values in Table). Jiang and co-workers [214] have used the N/P value as an
indicator of the charge balance of phosphorylcholine-zwitterionic surfaces, and
have concluded that the closer this value is to the theoretical value of 1:1, the
higher the quality of the phosphorylcholine SAMs have formed. The N/P ratios
were 0.94 for GC/PPC, 0.67 for Au/PPC, 0.77 for Au/dithiocarbamate PPC and
0.99 for Au/lipoamide PPC. Based on these N/P values, one would conclude the

Au/lipoamide PPC and the GC/PPC are closest to charge neutral.

XPS can also be used to estimate the thickness of the formed layers of PPC
diazonium salts on gold surfaces in the case of Au/PPC. The attenuation of the
substrate signal scales from XPS results was used to estimate the approximate

thickness of the grafted layer using Equation 1 [237].

dML/}\Au,ML (1/COS 9) = - ln(Au 4f ML/Au 4fclean) (Equation 31)

where Au 4fu is the integrated area of the Au 4f72 peak, Au 4fciean is the Au 4f72
peak area of an unmodified and clean Au substrate, dwc is the thickness of the
grafted organic layer, Aay,mL IS the mean free path of Au 4f7, electrons travelling
across the organic film, and 0 is the photoelectron take-off angle with respect to
the surface normal. The estimate of PPC layers thickness for Au/PPC is ca. 7 nm,

when the mean free path of Au 4f7; electrons travelling across the organic film is
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assumed as 4.2 nm. This value in compare to the estimated molecular length,
which was calculated as 0.8 nm using semi empirical Mopac calculations in
Chem3D Ultra, indicates the formation of multilayers on the surface in the case
of Au/PPC as has been commonly observed for aryl diazonium salt derived layers
[223]. Note the evidence for multilayers of PPC on gold is despite the cyclic
voltammetry showing that there is very little suppression of ferricyanide
electrochemistry. The good accessibility of ferricyanide to the underlying gold
electrode suggests that despite there being multilayers, the layers are still open

and porous to species in solution.

Table 3-1. Elemental ratio, determined by comparison of the normalised peak area from
XPS of different modified surface. The ratio of S/Au indicates the packing density of
compounds on the surface, and N/P ratio value is an indicator of charge balance of
phosphorylcholine zwitterions anchored on the surface. The represented Epzp, Enis and
Eo1s (o1) are assigned to the presence of phosphorylcholine groups.

Surfaces/ Elemental ratio Eszpan(€V) Epzp (€V) Enis (eV) Eo1s oy (€V)
modifying layer N/P S/IAuU

GC/PPC 094:1 - e 134.09 403.26 531.03
Au/PPC 0.67:1  -ee- e 133.63 402.97 530.88
Au/dithiocarbamate PPC 0.77:1 0.044 161.01 133.17 402.09 530.14
Au/lipoamide PPC 0.99:1 0.090 162.37 134.03 402.72 530.89

Furthermore, to confirm the successful preparation of GC/PPC, the XPS analysis
was also performed for GC/PPC substrate. The P 2p, N 1s, C 1s and O 1s narrow
scans from XPS measurement of the glassy carbon surface modified with PPC
diazonium salt (GC/PPC) are shown in Figure 3-4. The phosphorous peak centred

at 134.09 eV and the fitted nitrogen peak at 403.2 eV, in addition to the fitted
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oxygen peak centred at 531.23 eV are indicative of presentation of
phosphorylcholine groups. In addition to the fitted peak centred at 403.2 eV, the
N1s core level region also contains another fitted peak at around 400 eV. This
less pronounced fitted peak could be from azo linkage of multilayer formation,
and also has been observed on bare glassy carbon [75]. The C1s core level region
was fitted with three peaks. The fitted peak with the maximum intensity centred
at 284.96 eV is attributed to C-C bonds of the phenyl groups and the other two
fitted peaks centred at about 286 and 287 eV are assigned to the remaining carbon
in PPC structure and carbon atoms on the surface, respectively. The oxygen peak
at around 532 eV comes from water residuals and carbon oxygen species on the
surface. Figure 3-5 contains the P2p and O1s core level regions from XPS
analyses of gold modified with PPC diazonium salt (Au/PPC),
Au/dithiocarbamate PPC, and Au/lipoamide PPC. The phosphorous peak at about
133 eV and oxygen fitted peak centred at about 531 eV (O1) are attributed to the

formation of phosphorylcholine groups.
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Figure 3-5. XPS spectra of Au/PPC, Au/dithiocarbamate PPC, and Au/lipoamide PPC
surfaces in C1s and N 1s core level regions. The nitrogen peak at 402.97 eV is assigned
to nitrogen of phosphorylcholine group. Peaks at 288.7 and 289.02 eV in the C1s core
level spectra of Au/dithiocarbamate PPC and Au/lipoamide.

3.3.4 Fluorescence Microscopy Studies to Evaluate Protein Adsorption

The ability of the modified surfaces to repel proteins from the surface was
examined by visualizing the FITC-BSA adsorbed on the surface using
fluorescence microscopy. BSA is a globular serum protein which is frequently
used in protein adsorption studies [222]. The normalised mean grey value
providing a quantitative comparison of the relative amount of BSA adsorption on
the 6 differently functionalised surfaces is shown in Figure 3-6. In this figure, the
top fluorescence images are examples of the images used in the quantitative
comparison. The values in this diagram are not the absolute quantity of the
adsorbed protein, but still are relative indicators of the antifouling properties of
each surface compared to the Au/C12 and Au/OEG, which are known as standard

fouling and commercial antifouling substrates, respectively. This comparison
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becomes more worthwhile as the functionalised gold surfaces are compared with
GC/PPC surface regarding their antifouling property. The success of PPC on GC
at resisting protein adsorption has been shown, previously [75]. By comparing
the adsorption of BSA on various surfaces in the bar chart of Figure 3-6, it can
be readily seen that the protein adsorption of the Au/PPC surface is around 116%
relative to the conventional fouling Au/C12 being set at 100%. The
Au/dithiocarbamate PPC surface has 88% of the adsorption on Au/C12 while
modifying the gold surface using lipoamide PPC molecules, which has a higher
density of molecules on the surface elicits a more notable decrease in BSA
adsorption. Au/lipoamide PPC surface has less than 22% of the level of
adsorption on Au/C12 interface. Comparing the level of BSA adsorption on
Au/lipoamide PPC with Au/OEG shows that this interface is almost as resistant
as AU/OEG to BSA adsorption. The level of nonspecific adsorption is even lower
on the GC/PPC surface, being less than 6% of the Au/C12. It is notable that the
low level of BSA adsorption on GC/PPC and Au/lipoamide PPC are also the
surfaces that had N/P ratios of close to 1. Comparing the shown protein
adsorption of GC/PPC and Au/PPC reveals that Au/PPC is much less effective at
repelling BSA from the surface despite the molecule, the modification condition

and analysis method being the same.
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Figure 3-6. The relative level of FITC-BSA adsorption on the different modified
surfaces. The average intensity of background has been subtracted prior to normalisation
to C12-SAM modified gold surface. Top fluorescence microscopic images are for the
FITC labelled BSA adsorbed on the modified electrodes recorded under 10x
magnification.

3.3.5 EIS for Evaluation of Nonspecific Adsorption

As the motivation for evaluating the different surface modification layers was for
electrochemical applications, it was important that the layers be both effective at
limiting nonspecific adsorption and have low impedance. Therefore EIS was
measured before and after exposure to BSA. Comparison of the Rt values of the
modified surfaces before (Rct1) and after exposure to BSA solution Rcr) is an
indicator of their antifouling property. Protein adsorbed onto a surface will
decrease the accessibility of the redox species in solution to the surface, hence
increasing the Rt value. Examples of the Nyquist plots that have been used to
obtain the Rt values reported in Table 3-2 can be found in Figure 3-7. The almost
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unchanged value of R¢t of GC/PPC and Au/lipoamide PPC surface in BSA-rich
solutions highlights the protein resistance properties of these surfaces. The
antifouling property of Au/lipoamide PPC and GC/PPC is similar to the exhibited
antifouling nature of Au/OEG, as R value before and after BSA adsorption for
both the cases remains almost the same. The Rcw/Rea value for
Au/dithiocarbamate PPC is 1.7, which is close to this value for fouling Au/C12.
Consistent with the obtained high-intensity fluorescence images of Au/PPC after
exposure to FITC-BSA, the magnitude of Re of [Fe(CN)e] > * showed a
significant change of 4.6 times higher upon the exposure to BSA solution for this

surface, emphasizing significant BSA adsorption (Table 3-2).

R CPE
>
Rct Z\W\NV

[a]

Figure 3-7. A Randles equivalent circuit used to fit the EIS data. The value of Rct is used
to compare the passivation effect of modification or adsorbed BSA molecules on
surfaces.
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Figure 3-8. Experimental (scattered points) and fitted (lines) Nyquist plot recorded in
1mM ferri/ferrocyanide ([Fe(CN)s]>*) redox at a scan rate of 0.1 V s for (a) GC/PPC;
(b) Au/PPC; (c) Au/lipoamide PPC; (d) Au/dithiocarbamate PPC ; (e) Au/C12; and (f)
AU/OEG. Comparison of Faradaic impedance of the surface before (solid curve) and
after (dash-line curve) exposure to 1 mg.ml* BSA solution for 1 h.

It is worth noting that the Rct values for the modified surfaces are significantly
lower for Au/PPC, Au/dithiocarbamate PPC and Au/lipoamide PPC as compared
to that measured for Au/OEG, which emphasizes the lower impedance of the

newly fabricated gold modified surfaces.

Table 3-2. The charge transfer resistance of different surfaces measured in 1 mM
[Fe(CN)s] > *solution before (Reu) and after (Rez) 1 h exposure to 1 mg ml* BSA. The
ratio of Reu/Rcr is an indicator of the amount of BSA adsorption on surface hindering
the electron transfer obtained by dividing the average value of Reu to Rere. Average values
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and relative standard deviations (RSD) were calculated after carrying out each
experiment for 3 samples (n=3).

Modified Surfaces  Rct/ Q cm? Ret2/ Q cm? Ret2/Ret
GC/PPC 710.8(RSD=0.07) 728.1(RSD=0.01) 1.0
Au/PPC 83.1 (RSD=0.09) 389.5(RSD=0.07) 4.6
Au/lipoamide PPC  734.7 844.3 1.1
(RSD=0.11) (RSD=0.06)
Au/dithiocarbamate 480.6 855.5 1.7
PPC (RSD=0.20) (RSD=0.08)
Au/C12-SAM 56770.1 90833.1 1.6
(RSD=0.02) (RSD=0.005)
Au/OEG-SAM 17775.3 19135.7 1.0
(RDS=0.04) (RSD=0.03)

3.4 SUMMARY

Three coatings on gold electrode surfaces that were expected to reduce the
nonspecific adsorption of proteins to surfaces but which did not passivate the
electrode from undergoing Faradaic electrochemistry were evaluated. The
performance of these layers in limiting protein adsorption was compared to OEG
and C12 SAMs. The OEG was chosen as a typical antifouling molecule and the
C12 SAM as a common fouling substrate. The performance of the layers was also
compared to the previously developed dual low impedance/antifouling GC/PPC

[75]. Fluorescence microscopy and EIS results together show that the order of
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antifouling ability of the coatings on gold was reductively adsorbed PPC
diazonium salt <dithiocarbamate PPC SAM <lipoamide PPC SAM. The
lipoamide PPC SAM was shown to have similar protein resistance to the ‘gold
standard’ of an OEG SAM on gold. The other layers were inferior in their protein
resistance to OEG SAMs and GC/PPC layers. The low antifouling property of
PPC diazonium salt derived layers, on gold, was related to a lower PPC density,
less charge neutral structure of the PPC layers on gold compared with on glassy
carbon. Gold surfaces modified by lipoamide PPC short zwitterionic molecules
exhibit low impedance property, which is required for electrochemical
application as has been discussed above. The results contribute to the engineering
of the low impedance/antifouling films on gold surfaces, a substrate widely used

in electrochemistry measurements.

Regarding designing the appropriate cell-based tool for studying cell functions as
the ultimate goal of this study, it was decided to provide the opportunity of
performing both electrochemistry and optical microscopy. It was discussed in
Chapter 1, 8 1.9.2, impedance measurements as one of the most common
electrochemical methods for study cells provide real-time information on slight
changes in adhesion of cells to cells/surfaces at the whole-cell level over long-
term in a label-free manner. On the other hand, fluorescence microscopy is
capable of precise monitoring of short-term specific subcellular processes.
Therefore, to provide more comprehensive information on cell responses to
different environmental stimuli the study aimed at designing and fabricating a

simultaneous optical/electrochemical cell-based assay.
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It is challenging to use gold films for optical microscopy applications due to lack
of transparency and quenching fluorescence properties, although it is one of the
most ideal interfaces for optical imaging. The researches to find the appropriate
substrate for the optical/electrical assays resulted in selecting indium-tin oxide
(ITO) as the substrate to accommodate cells. ITO is conductive and transparent
surface, desirable to fulfil the compatibility with both optical and electrical
monitoring techniques. To study the feasibility of using ITO in such a assay; i)
the feasibility of modifying ITO surfaces with a cell-adhesive layer that control
the adsorption of nonspecific bio-agents, ii) the compatibility of the setup with
optical microscopy techniques, especially fluorescence microscopy, and iii) the
system compatibility with non-Faradaic measurements in cell media were

required to be examined.
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4.1 INTRODUCTION

The stationary and dynamic interactions of the extracellular matrix (ECM) and
cells are of particular importance not only to provide the mechanical support but
also to modulate many cell functions. Precise control over the composition and
the arrangement of the cell-surface interface is needed to provide fundamental
understanding of cell behaviors in vitro [71]. Artificial surfaces have been
broadly coated with ECM proteins [172], adhesive polymers [73], or a monolayer
of RGD molecules [157] to mimic the function of ECM. In some cases, the
ambiguity of how the actual cell adhesive ligands are presented in protein and
polymeric adhesive surfaces may compromise the robustness of the conclusions
reached [72]. Surfaces with rigorous molecularly engineered RGD expression
can be used to achieve more comprehensive understanding on cell surfaces
interactions [20, 56]. The importance of the expression of RGD expression was
discussed in Chapter 1, 8§ 1.8. It has been shown that slight alterations in type [77,
78], the organization [82], the surrounding molecules [84], and spacing [79-81]
of RGD ligands significantly modulate different aspects of cell behavior

including cell adhesion and spreading.

Optical microscopy techniques have been widely used to acquire information on
cell-surface interaction based on cell density, spreading and the state of focal
adhesions and adhesion proteins [81, 238, 239]. However, due to the complexity
of cell adhesion processes, it is crucial to recruit methodologies that can provide

more detailed information on different aspects of these events [240, 241]. Recent

85



CHAPTER 4. MONITORING THE KINETICS OF CELL ADHESION TO
ENGINEERED ITO SURFACES

advances in methods such as infrared spectroscopy, microgravimetry and probe
microscopy provide valuable information about different steps of cell
conformational alterations[171]. Non-invasive and label-free methods represent
a significant advance in cell biology as there is the possibility to provide precise

insights into cell adhesion and spreading processes in a real-time manner.

The excellent time resolution of impedance spectroscopy in cell-based assays
provides the potential for an in-depth investigation on the kinetic of cell adhesion.
In this technique, the attachment and spreading state of cells on the electrode
surfaces define the impedance values that are employed to analyze the cell
function. The applied alternative current is weak and non-invasive (around 4
mA/cm?) that enable the measurement over extended periods of time [55].
Impedance measurements are sensitive to changes within the nanometer range in
cell diameter and sub-nanometer range in the distance between the ventral cells
membrane and the electrode surface [147]. For instance, this system has been
used to study many aspects of call-surfaces interactions including the impact of
modifying the surfaces with various ECM proteins on the dynamic of cell
adhesion [173, 174]. These studies demonstrated that the type, concentration and
electrical charge of the coated proteins modulated the dynamic and kinetic of cell
adhesion. The application of impedance spectroscopy can be extended to
investigate the impact of the expression of RGD as the most frequent sequences

in ECM proteins on the kinetic of cell attachment and spreading. [17]

These chapters aimed to study the modification of engineering the electrode

surfaces with different densities of RGD molecules, developing the simultaneous
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optical/electrochemical impedance setup on the engineered interface, and using
the setup to study the effect of RGD spacing on the kinetic of cell attachment and

adhesion.

A major research tool to study cell spreading is the use of live-cell optical
microscopy. This powerful technique is difficult to implement on gold due to thin
films of gold not being completely optically transparent and quenching of
fluorophores. Due to these limitations and the fact that ITO is optically
transparent and therefore superior to gold surfaces for cell biological behavior
studies requiring optical microscopy techniques. Therefore the measurements
were performed using real-time impedance spectroscopy and optical microscopy
on interdigitated indium tin oxide (ITO) electrodes. The most sensitive and
relevant condition for measuring the alterations in cell spreading was determined
by correlating the resistance and capacitance values with the amount of cell
coverage on the surface. The cell area was calculated by analyzing the phase
contrast microscopy images. Impedance spectroscopy and microscopy images
were monitored since seeding cells until the formation of the cell monolayer,
while cells were seeded on interdigitated 1TO surfaces with dense or spare RGD

spacing.
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4.2 EXPERIMENTAL SECTION

4.2.1 Electrode surface modification
Plain ITO and interdigitated ITO electrodes were cleaned according to Chapter
2, § 2.3.1.Then, ITO surfaces were modified using a multi-step method as has

been summarized in Schematic 4-1 as explained in Chapter 2, § 2.3.4.
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Schematic 4-1. ITO surface modification steps; Carboxyl-terminated PHDA base layer SAMs
were activated with EDC/NHS, followed by coupling with different ratios of  1-
aminohexa(ethylene oxide) to 1- aminohexa(ethylene oxide) monomethyl ether molecules.
Hydroxyl-terminal groups of tetra(ethylene oxide) were activated and coupled with GRGD

4.2.2 XPS measurement
XPS measurements were performed after each step of ITO surface activation and

medication using the strategy explained in Chapter 2, § 2.5.2. The calculations
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on RGD spacing was carried out based on XPS characterizations on these
surfaces except in the last step of modification, which includes the coupling of

GRGDS peptides, GRGDC—Alexa Fluor 647 was used. Alexa Fluor 647 contains

thiol groups detectable using XPS measurements.

4.2.3 Cyclic voltammetry
The cyclic voltammetry (CV) for evaluating the modification process was

performed as explained in Chapter 2, § 2.5.1.

4.2.4 Cell culture

HelLa cells were grown as explained in Chapter 2, 8 2.4.1. To plate the cells on
the surfaces, the detached cells were re-suspended in fresh media and counted
followed by seeding 7 x 10* cells/ cm? on each modified interdigitated 1TO

surface.

4.2.5 Phase contrast microscopy
The sequences of phase contrast images were obtained using a Zeiss AXxio
Observer X.1 Spinning Disk/TIRF inverted microscope as discussed in Chapter

2,8253.

4.2.6 Electrochemical impedance spectroscopy

The non-Faradaic frequency-resolved impedance values of the cells on the
surfaces were recorded after seeding cells for 15 h in real-time on interdigitated
ITO electrodes (with an active surface area of 1.3 x 10 cm?) with a weak non-

invasive AC signal within 40000-400 Hz (10 mV) as described in Chapter 2, §
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2.5.1. The impedance values of modified cell-free interdigitated ITO electrodes
were monitored to obtain the baseline data before seeding cells. The impedance
value has been normalized by dividing the impedance of cell-covered electrode

to the impedance of the respective cell-free electrodes.

4.3 RESULTS AND DISCUSSION

4.3.1 XPS Characterization of ITO Modified Surfaces and RGD spacing
estimation

The core level XPS spectra for carbon, nitrogen and phosphorous on ITO surface

after each steps of modification including (A) modification of ITO with PHDA,

(B) activation of COOH groups using EDC and NHS (C) attachment of HxN-

EOs-OH and H2N-EOs-OCHs, (D) activation of NH2 groups using DSC and

DMAP (E) attachment of the GRGD peptide is shown in Figure 4-1.

The P 2p core level regions of XPS analyses show a main peak centered at around
~133.5 eV assigned to the phosphonate group. The C 1s high-resolution spectra
were fitted with several peaks with the main peak centered at ~284.5 eV, which
corresponds to aliphatic carbon bonded carbon (C—C). The fitted peaks at ~286.5
eV in C 1s regions are characteristic of the carbon atoms bound to oxygen, which
shows an increase in its size in the case of the modifying surface using ethylene
oxide rich molecules. The high binding energy peak at around 289.5 eV assigned
to the carboxyl functional groups. The emergence of new peaks at the binding

energy related to the carbonyl group, which is 287.5-288.1 eV,[242] were
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observed in the C 1s core level region of surfaces after carboxyl activation,
ethylene oxide molecules attachment, DSC activation, and GRGDS coupling.
The N 1s region shows the absence of nitrogen peak after the first step of
modification using PHDA layer. However, after activation with EDC and NHS,
the N 1s signal was detectable at ~402 eV in the survey scan assigned to an active
succinimide ester-terminated SAM, and at ~399.8 eV attributed to N-acylurea
intermediates. After putting ethylene oxide molecules on the surface, the high-
resolution N 1s scan was deconvoluted with fitting to two functions: a peak at
~399 eV, attributed to N-acylurea intermediates and a peak at 400.1 eV correlated
to the formation of an amide bond, which show successful nucleophilic binding
of the 1-aminohexa(ethylene oxide) molecules. In the N 1s narrow scans of the
DSC-activated ITO surface (D), the spectra were fitted with two peaks centered
at ~400 eV and ~402 eV attributed to amide bound and the succinimidyl esters,
respectively. The GRGDS modified surface was fitted with the similar peaks as
1-aminohexa (ethylene oxide) in the N 1s region; however, an increase in the
peak at 400 eV, originating from amide groups within the peptide on the surface
further supports that cell adhesive GRGDS peptides were attached to the

activated succinimidyl ester terminated SAM via formation of amide bonds.

XPS results were used to estimate the RGD spacing of the prepared surfaces using
a strategy that reported in The Gooding group, previously [238]. Briefly, the
coupling efficiency of the connecting of 1-aminohexa(ethylene oxide) molecules
to SAM and GRGDS to activated hydroxyl groups were calculated from XPS

data to be approximately 72% and 42%, respectively. Thus, the overall efficiency
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was calculated to be 34%. The surface coverage of organophosphonate has been
reported to be around 4 x 10 molecules/cm? by the Reven group [243].
Therefore, the estimated average spacing between adhesive ligands for the
surface modified with 100% 1-aminohexa(ethylene oxide) molecules was
calculated to be 1 nm. Subsequently, the average RGD spacing for surfaces
modified with 1:10% 1:10° or 1:10° ratios of 1- aminohexa(ethylene oxide)
monomethyl ether to 1-aminohexa(ethylene oxide) were estimated to be 31 nm,

968 nm, and 30597 nm, respectively.
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Figure 4-1. C 1s, N 1s, and P 2p XPS analysis of ITO surfaces after each step of
modification: (A) carboxyl terminated PHDA SAM, (B) carboxyl group activation using
EDC/NHS (C) 1-aminohexa (ethylene oxide), (D) hydroxyl group activation using
DSC/DMAP, and (D) GRGD attachment.
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4.3.2 Electrochemistry for PHDA SAM on ITO surface

Passivation of ITO surfaces after self-assembly of the PHDA on the ITO surface
was confirmed using potassium ferricyanide as the redox probe. Figure 4-2 shows
cyclic voltammograms before and after modification of an ITO electrode with
self-assembled PHDA and then with GRGDS in 1 mM ferricyanide at a scan rate
of 100 mV s™1. The self-assembled layer shows suppression effect compare to
bare ITO, providing good evidence of a well formed PHDA layer on the ITO
surface. The ITO was then modified next with GRGDS peptides via activated OH
groups grafted onto the ITO. Figure 4-2 b shows the modification with GRGDS

peptides suppressed the cyclic voltammogram more than modification with SAM

PHDA.
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Figure 4-2. (A) Cyclic voltammograms recorded in 1 mM ([Fe(CN)6]-3/—4) redox
couple containing 0.1 M potassium chloride at the scan rate of 0.1 Vs-1 for bare
interdigitated ITO (dashed line), PHDA SAM- (solid line), and GRGDS (dotted line)
modified surfaces. (B) Magnified presentation of cyclic voltammograms of PHDA
SAM-modified ITO (solid line) and GRGDS modified ITO surface (dotted line). The
reduction in current is an indication of the surface passivation after each step of
modification.
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4.3.3 Simultaneous impedance spectroscopy and optical microscopy setup
To perform optical microscopy and impedance spectroscopy, simultaneously, a
primary design compatible with inverted microscopy and electrochemistry
measurements were implemented in a glass Petri dish. It was by adhering wires
to specific places for different electrodes on interdigitated ITO electrodes (Figure

4-3).

Nunc™ Glass Bottom Dishes

Ag 2

conductive / cell media for live cell
paste
»

Counter |
electrode
~

Passivated
membrane™+.,

Reference
electrode.|

Working electrode

Figure 4-3. The Primary design of the optical/electrical chamber for interdigitated ITO
electrodes.

Based on the primary design, a chamber compatible with electrochemical and
inverted microscopy measurements and suitable for the interdigitated electrodes
was designed (Figure 4-4). The chamber was equipped with a printed circuit
board and electrical pins that connect to the counter, reference and interdigitated
working electrodes, made by Micrux Technologies (Oviedo, Spain). It was

placed on microscope stage and was connected to the potentiostat (SP 200,
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BioLogic, Science Instruments) to run optical and electrochemical
measurements, simultaneously. For this purpose, after inserting a modified
interdigitated ITO electrode into the chamber, the cell media containing HelLa
cells were placed on the surface. Pictures taken from the simultaneous setup and
the custom-made electrochemical/optical chamber are shown in Figure 4-5. The
chamber has a printed circuit board with electrical pins that connect the counter,
reference and interdigitated working electrodes. The experimental conditions
were kept ideal for live cells by controlling the temperature at 37 °C and the

atmosphere humid with 5% CO; in the microscope cage.

= -
A custom electronics with pins

Top side of the chamber
I 4 Two sides come
— T together with magnetic

/ force

> =¥ Bottom side of the chamber for
o electrode accommodation

Figure 4-4. The design of the custom-made chamber compatible with inverted
optical microscopy, electrochemistry and interdigitated 1TO electrodes
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Figure 4-5. Components of simultaneous live microscopy and impedance spectroscopy
measurements setup; (A) the custom-made chamber for interdigitated ITO electrodes,
(B) the microscope stage, (C) Inverted microscope, (D) the microscope cage, (E)
Temperature and CO2 controller units, (F) potentiostat and (G) a personal computer.

4.3.4 Cells spreading on ITO modified surfaces

The feasibility of running phase contrast microscopy and impedance
measurement was examined by tracking the attachment and spreading of HelLa
cells on interdigitated 1TO electrodes modified with fibronectin. HeLa cells were
cultured on interdigitated ITO electrodes and their attachment and spreading were
followed for 15 h. Figure 4-6 shows an example of simultaneously recorded
impedance data and microscopy images. The values of impedance (Z) has been
normalized to the corresponding value of a cell-free electrode (Zelectrode). The
impedance value here has been reported for 4000 Hz [173]. The recorded
impedance data showed three different time courses. After 3-10 minutes of cell
seeding, the value of impedance slowly increased (t < 1 h) from the value of cell-
free electrode. According to the phase contrast images, the initial binding of cells

on the surface contributed in onceasing the impedance values. Then, the
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impedance increased dramatically (1 h <t <4 h) mainly due to the adhesion and
spreading of cells. After 6 h, the changes in impedance was predominantly
attributable to the establishment of cell-cell junctions rather than increase in cell
spreading based on optical microscopy images. The formation of mature cell

junctions restricts the current flow through the gaps between cells
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Figure 4-6. The time course of impedance spectroscopy is attributed to various steps of
cells attachment and spreading according to simultaneous impedance spectroscopy and
phase contrast microscopy measurements. The normalized impedance values were
obtained by dividing the relevant impedance value of the cell-cultured electrode (Z) to
the value of cell-free electrode (Zekecroge). The arrows indicate the time point of the
relevant phase contrast microscopy images. Interdigitated 1TO electrodes were inserted
into a custom-made chamber compatible with both inverted microscopy and impedance
spectroscopy.

The frequency used for the impedance measurement is one of the most crucial

parameters that dictate the sensitivity of experiments that use impedance to
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monitor changes in cells. In order to recognize the most sensitive frequency, the
resistance and capacitance of cell-covered ITO electrodes during the attachment
of initially suspended HelLa cells over the frequency range of 40000-400 Hz were
monitored. The changes in these values were compared versus the alteration in
the surface coverage by cells over time. In this study, three major frequencies
explored were explored being 400, 4000 and 40000 Hz as has been reported
previously [244]. The strategy of measuring cell area using phase contrast images
are illustrated in Figure 2. The electrodes were covered with an insulating
membrane to restrict the electrochemical measurement to the interdigitated 1TO
area (65 pairs with 10 um width and 5 pm spacing between each electrode). A
motorized stage was used to capture the whole electrochemically active area of
the interdigitated 1TO every 15 or 30 minutes. The cell covered area was
calculated using ImageJ software (US National Institutes of Health, Bethesda,
MD) by removing the trace of ITO and calculating the area of cell regions. To
provide a more systematic comparison, the amount of cell coverage was divided
by the total area of the images to acquire relative surface coverage values.
Furthermore, the resistance and capacitance values have been divided by the
corresponding values of the cell-free electrode and are represented as normalized
resistance and capacitance, respectively. As is shown in Figure 4-8, the changes
in the resistance values versus surface coverage calculated from the phase
contrast microscopy exhibited a slow increase followed by a sharp rise until the
whole surface was covered with a confluent layer of cells (relative surfaces

coverage of 1). The largest change in resistance occurred at 40000 Hz, whereas
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the highest alteration in capacitance happened as 40000 Hz (Figure 4-8). This is
in agreement with results reported by Giaever and co-workers, [244] where the
changes in resistance and capacitance have been correlated versus the estimated
cell area obtained based on a numerical calculation. This mathematical model
predicts the morphological parameters of cells based on the impedance of a cell-

covered electrode [147, 159].

Counter
Reference electrode

electrade

N

1.945 mm

Figure 4-7. The phase contrast images were used to calculate the surface coverage by
cells on the electrode. (A) The whole electrochemically responsive area of the electrode
was imaged by defining tiles all over the interdigitated part using ZEN software and a
motorized stage. Images were recorded every 15 min or 30 min. (B) ImageJ was used to
analyze the images. A “clean up” plugin was used to remove the trace of interdigitated
electrodes from recorded images and then “Threshold” option was used to calculate the
amount of cell coverage on the surface by manually tracing the area around cell regions.

It has been demonstrated that the surface characteristics regulate the cell

phenotype and cell signaling [245, 246]. This has motivated chemists to develop
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various chemical layers on the surface in order to optimize the cell function or
provide a more comprehensive understanding of various cell behaviors [20, 247].
Here, the potential influences of various spatial distribution of RGD on the
dynamic of cell adhesion and spreading were investigated. For this purpose,
interdigitated ITO electrodes were modified with dense and spare GRGDS
molecules using a multi-step strategy. XPS was used to confirm the attachment
of different molecules after each step, and the results were used to estimate the
average RGD spacing on the surfaces based on the method developed by the
Gooding group [238]. To this end, the coupling efficiencies of the attachment of
1-aminohexa(ethylene oxide) molecules to 16-phosphohexadecanoic acid self-
assembled monolayer (PHDA-SAM) and to GRGDS moieties were
approximated from XPS data to be 72% and 42%, respectively. Therefore, the
overall efficiency was calculated to be 34% for the surface modified with 100%
of 1-aminohexa(ethylene oxide) molecules. The Reven group [243] has reported
the surface coverage of organophosphonate molecules on the surfaces to be 4 x
10 molecules/cm?. Thus, the estimated average spacing between RGD adhesive
ligands for the surface modified with 1-aminohexa(ethylene oxide) molecules in
the absence of 1-aminohexa(ethylene oxide) monomethyl ether was estimated to
be 1 nm. Subsequently, the average RGD spacing for surfaces modified with
1:10%, 1:10° or 1:10° ratios of 1-aminohexa(ethylene oxide) monomethyl ether to
1-aminohexa(ethylene oxide) were calculated to be 31 nm, 970 nm, and 31000

nm, respectively.
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Figure 4-8. Normalized resistance (A) and capacitance (B) as a function of the relative
surface coverage. The cell-covered area was manually calculated by analyzing recorded
phase contrast microscopy images as was explained in Figure 4-6. The results were
reported at 40 kHz (dash curve) 4 kHz (Solid curve) and 400 Hz (dot curve) frequencies.
For better comparison, the resistance and capacitance values were normalized to the
corresponding value of naked electrode. The relative surface coverage was calculated by
dividing the area of the cell-covered region to the total image area. Normalized resistance
and capacitance show the biggest change at 4 kHz and 40 kHz, respectively, by alteration
of cell converge.

Figure 4-9A illustrates the time course of change in capacitance at 40000 Hz with
a time resolution of fewer than 2 minutes for cells on surfaces modified with
average RGD spacing of 1 nm, 31 nm, 970 nm and 31000 nm. In addition, the
adhesion process was also studied for the surfaces modified with only 1-
aminohexa(ethylene oxide) monomethyl ether molecules and not 1-
aminohexa(ethylene oxide) molecules (No RGD). The capacitance of cells on
interdigitated ITO surfaces with various RGD densities reached to their minimum
values in different time scales. Based on the study by Giaever and co-workers
[244], two factors from the time course of capacitance data have been extracted:;
the required time to reach the half-maximum capacitance decrease (t12) and the

average slope of capacitance change (-AC/ At). In their study, these parameters
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have been used to compare the cell adhesion on gold surfaces coated with
different ECM proteins. This provides a more systematic comparison on the
kinetic of cell adhesion processes. The parameter of capacitance shift (-AC/ At)
was determined based on the average slope of the curve between the normalized
capacitance of 0.9 and 0.7 by means of a linear regression. According to Figure
4-8, in this range of capacitance shift, cells have covered 45-55 % of the surface
area. This term represents the relative rate of cell spreading [244]. From Figure
4-9, t1» was determined to be 1.4 h on the surfaces with 31 nm average RGD
spacing, 2.2 h for the surface with 1 nm average RGD spatial distribution. This
value was 3 h and 3.4 h for the surfaces with 970 and 31000 average RGD
spacing, respectively. The value of t1> was determined to be 5.5 h for cells on the
surface with no RGD. The capacitance shift (Figure 4-9B) for cells on the surface
with 31 nm RGD spacing was shown to be at least 2.2 fold higher than on the
surface with 970 nm or 31000 nm average RGD spacing. These results
demonstrated the faster kinetic of cell adhesion and spreading on a surface with

average RGD spacing of less than 31 nm.

An expansion of the normalized capacitance for the first 2 h after cell seeding are
shown in Figure 4-9C and D as wells as the phase contrast images recorded at
time points of 15 min, 1 h, and 2h. The normalized capacitance decreased
immediately on the surfaces with 1 nm and 31 nm average ligand spacing. In
early stages of adhesion process, cells extend protrusions of cell membrane
toward the adhesive ligands on the surfaces [248]. These protrusions reach

stability by adhesions between the integrins in the actin cytoskeleton to RGD
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adhesive ligands on the surface. Figure 4-9E shows that higher number of cells
have developed protrusions in first 1 h on the surface with 31 nm RGD spacing
compared with on surfaces with lower or greater RGD spacing. It has been shown
that surfaces with less than 70 nm RGD spacing induce the higher cell density
and greater cell-covered area [79, 80]. This range of RGD spacing mimics similar

RGD distribution in adhesive proteins such as fibronectin [249].
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Figure 4-9. Modifying interdigitated ITO surfaces with different RGD spacing regulates
cell attachment and spreading. (A) The normalized capacitance over time is calculated
by dividing the value of capacitance to the corresponding value of bare electrode
(Celectrode) at 40 kHz for cells on the surfaces of RGD spacing of 1 nm (dashed line), 31
nm (solid line), 970 nm (hollow dashed line), 31000 nm (dash-dotted line) and the
surface with no RGD (dotted line). HelLa cells were cultured on interdigitated ITO
surfaces modified with different RGD spacing and the attachment and spreading was
tracked in real-time over 15 h. The cells on surfaces with 31, 1, 970, 31000 nm RGD
spacing and the surface with no RGD demonstrated the fastest to the slowest cell
adhesion, respectively. (B) The quantities here called capacitance velocity were
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extracted from the respective normalized impedance time courses to improve the
comparison of cell spreading on interdigitated ITO surfaces modified with different
RGD densities. The values of -AC/At values were extracted from the slope the curve
between C/Celectode = 0.9 and C/Celectode=0.7. Magnified presentation of resistance
at 4 kHz (C) and capacitance at 40 kHz (D) during the first two hours of the experiment.
(E) Examples of the relevant live cell phase contrast microscopy images, recorded
simultaneously with impedance measurement, on different modified surfaces at three
time points of 15 min, 1 h, and 2 h after cell seeding. Arrows indicate examples of formed
lamellipodia. The cells start to spread on the surface with 31 nm of RGD spacing at a
higher rate according to impedance results and developed more membrane protrusions
compared to the other studied interfaces. Scale bar is 25 pm.

44 SUMMARY

Electrochemical impedance spectroscopy coupled to phase contrast microscopy
on chemically modified interdigitated ITO electrodes worked efficiently to study
the dynamic of cell-surfaces interactions over long-term. The coupling of
impedance spectroscopy and phase contrast microscopy provided the possibility
of correlating the resistance/capacitance data to the amount of coverage of cells
on the surface. The results demonstrated that the changes in capacitance at 40000
Hz mirror the adhesion and spreading of HeLa cells on the surface with the
highest sensitivity. The surfaces with average RGD spacing of 31 nm displayed
the highest rate of change in capacitance than other surfaces with greater or lower
ligand spacing. The results presented in this chapter confirmed the applicability
of the developed simultaneous impedance cell-based system on interdigitated
ITO was confirmed in providing precise and real-time information on complex
cell-surface interaction. These findings revealed the importance of RGD,
adhesive cues, expression in regulating the kinetic of cell-surface interaction.
Next, the effect of the expression of these physical cues on regulating the cell

responses to soluble cues has been studied using the developed setup.
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5.1 INTRODUCTION

Many environmental cues, including a large number of prescription drugs, target
cells through G-protein-coupled receptors (GPCRS) as the largest family of cell
surface receptors [250, 251]. The binding of an external signal to a GPCR
typically results in the stimulation of complex interconnected signalling
pathways through which cells coordinate a wide variety of fate decisions.
Therefore, there is a tremendous interest in developing cell chip technologies
based on monitoring different events upon the activity of GPCRs [187]. The
kinetics of these cellular pathways differ significantly from the millisecond's
timescale (e.g., GPCR conformational changes or Ca?* flux) to hours (e.g.,
cytoskeletal modulation) [252]. The GPCRs monitoring technologies are mainly
based either on optical measurement [253] or electrical detections [190, 254,
255]. Among them, fluorescence microscopy [256] and electrical impedance
spectroscopy [55] are two of more popular methods, which, in fact, are
complementary. Fluorescence microscopy enables the precise monitoring of
short-lived specific subcellular processes, organelles and proteins with labelled
fluorescent tags [256]. In contrast, cell-based impedance measurements,
pioneered by Giaever and Keese [147], provide real-time information on minute
changes in adhesion of cells to cells/surfaces at the whole-cell level over extended

periods of time in a label-free manner.

In organisms, cells are surrounded by an extracellular matrix which contains

adhesive ligands that modulate cell behaviour. Hence, using molecularly
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engineered surfaces with controlled expressions of cell adhesive ligands is
beginning to become more prevalent in the development of cell chips [20]. It has
been demonstrated that various spatial distribution of adhesive RGD ligands
regulates not only the cells phenotype but also the outside-in and inside-out
signalling processes [69, 80, 81]. However, the knowledge of how the dynamic
of cellular responses to a soluble cue is influenced by surface chemistry is in its

infancy and is of significant importance in testing drugs in vitro.

Here, the combination of impedance spectroscopy and live fluorescence
microscopy, simultaneously, to provide a platform technology to investigate
GPCRs activity in a more comprehensive manner was studied. This is achieved
using optically transparent interdigitated indium tin oxide (ITO) electrodes which
have been shown can be precisely modified with self-assembled monolayers to
given biointerfaces with the precise presentation of cell adhesive ligands. The
fluorescence microscopy was utilized to monitor transient histamine-induced
Ca?* release from endoplasmic reticulum (ER) stores. Impedance spectroscopy
was employed to acquire information on dynamic changes in cell adhesion that
can be regulated by both surface chemistry and the soluble GPCRs stimulators.
The coupling of the fluorescence and impedance readout methods is particularly
relevant for tracking events with significantly different time scales but connected
through GPCRs which would not be possible using a single detection method.
Furthermore, the developed technique was employed to not only investigate the
effect of surface design in modulating the cellular responses to soluble cues but

also reveal possible correlations between the timescales of the connection of
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calcium signalling and cell spreading. The measurement principles of the work

have been summarized in Schematic 6-1.
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Schematic 5-1. The designed simultaneous setup for collecting more comprehensive
information on cells response to soluble cues in the presence of tuned adhesive ligands
on an interdigitated indium tin oxide (ITO) surface. Histamine was used as a model
soluble cue ligand which activates G-protein coupled histamine receptors, and,
consequently, Ca?* ions are mobilized from the endoplasmic reticulum (ER), and the
cytoskeleton arrangement undergoes alteration through focal adhesions remodelling.
The presence of Gly-Arg-Gly-Asp-Ser (GRGDS), adhesive ligands to cell integrins,
leads to focal adhesion formation and signalling. The experimental impedance
measurements are subjected to an equivalent circuit model with Zc being the impedance
of the cell, a constant phase element (CPE) which corresponds to the impedance resulting
from the cell-surface area and Rsoiution, Reeli-cen @Nd Reeii-surface Which are the resistance of
solution, cell junctions and cell-substrate contacts, respectively.

5.2 EXPERIMENTAL METHODS

5.2.1 Preparation of RGD controlled surface
Interdigitated ITO electrodes were first modified with carboxyl-terminated
PHDA SAM. 1-aminotetra(ethylene oxide) molecules with either hydroxyl or

methoxy groups were attached to the surface after activating the carboxyl groups
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of PHDA molecules. The hydroxyl-terminated 1-aminotetra(ethylene oxide)
(H2N-EOs)molecules were attached to GRGDS peptides to provide the cell
adhesion properties. The ratio of 1-aminotetra(ethylene oxide) molecules was
engineered to provide the surface with defined RGD spacing as has been
described in detail in Chapter 2, 8 2.3.4, and Chapter 4, § 4.2.1. A surface was
modified only with H2N-EOe-OCHsz molecules with no RGD molecules

chemically attached to the surface.

5.2.2 X-ray photoemission spectroscopy (XPS) measurements
XPS analyses were conducted as has been described in Chapter 2, § 2.5.2. The
RGD spacing was estimated using the XRD results as explained in Chapter 4, §

4.3.1.

5.2.3 Cell culture

HeLa cells were grown to confluence in DMEM culture media supplemented
with 10% fetal bovine serum as discussed in Chapter 2, § 2.4.1. High density of
1.5 x 10° cells/ cm? were seeded on each modified interdigitated 1TO surface for

3.5 h or until speeded on bare surfaces.

5.2.4 Loading HeLa cells with fura-2 AM

The plated HelLa cells on interdigitated ITO surfaces were washed two times
using phenol red-free DMEM before being loaded with fura-2 AM dyes. The
loading was performed according to optimized protocol explained in Chapter 2,

8§ 2.5.4. The loading parameters have been optimized in this chapter.
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5.2.5 Histamine solution preparation
100 uM histamine agonist was prepared by dissolving the powder in HBSS buffer

and was used freshly.

5.2.6 Simultaneous live fluorescence microscopy and real-time impedance
measurement

The developed simultaneous fluorescence microscopy and impedance

spectroscopy setup was used for running the experiments in this chapter. The

principle of the setup is explained in Chapter 4, § 4.3.3.

The setup was developed by coupling a fluorescence microscope (Zeiss Axio
Observer X.1 Spinning Disk/TIRF) and a potentiostat (SP 200, BioLogic,
Science Instruments). EC-Lab ® V10.33 (BioLogic, Science Instruments)
software was used to collect and analyse the impedance data, and Zeiss ZEN
software was used to capture the sequence of fluorescence images. Fiji software
(National Institutes of Health, USA) was used to analyse the microscopy results.
The microscope was equipped with a cage for controlling the conditions of live
cell imaging at 37 °C with 5% CO». A costume made chamber made by Micrux
Technologies (Oviedo, Spain) was used in the setup as has been explained in
Chapter 4, § 4.3.3. The chamber with inserted interdigitated ITO electrodes
covered with fura-2-loaded cells was placed on the microscope stage to allow a

simultaneous live inverted optical microscopy and impedance spectroscopy.
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5.3 RESULTS AND DISCUSSIONS

5.3.1 Finding the most sensitive frequency

During simultaneous measurements, the impedance values at 12 frequencies
between 40000-400 Hz (10 mV) were recorded over time. The amplitude of
current passed through the cells was held in the nanoampere (nA) range, which
created a negligible electrical stimulation to cells during measurement. The real-
time histamine-induced impedance alterations at the frequencies of 40000 (solid
line) and 4000 (dash line) Hz were compared together. These frequencies are
among the most studied frequencies in the literature and were first time used by
Giaever group [244]. The change of histamine-induced impedance value was
maximized at 4000 Hz (Figure 5-1). This is in agreement with studies by other
groups on searching the frequency at which the cell layer display the greatest
histamine-induced impedance alteration [145, 147, 257]. This optimal frequency
has been selected for further characterizations, except the modelling studies

which involve the impedance reading at the whole frequency range.
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Figure 5-1. The normalized impedance changes were calculated by dividing the value of
the histamine-induced impedance of the cell-covered electrode to the impedance value
of cells before histamine stimulation at frequencies of 4000 Hz (gray dash line) and
40000 Hz (black line). The impedance measurement at the frequency of 4000 Hz showed
the broadest range of relative change.

5.3.2 Optimizing fura-2 loading

The loading was performed using the protocol developed in the Herman group
[195]. The temperature and incubation time were optimized for the conditions of
the current study. Ca®* indicators can become localized within intracellular
compartments, closed parts within the cytosol of a eukaryotic cell, usually,
surrounded by a single or double lipid layer membrane. In the case of
compartmentalization in the organelles, subcellular fluorescence distribution is
not homogeneous, and the fluorescence appeared spotty or filamentous and

resembled in shapes the intracellular organelles. Compartmentalization of the
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indicator within cells can be reduced if the loading temperature is decreased from
37 °C to room temperature [258]. This is more likely mediated through a
reduction in endocytosis, a process that will cause the indicator to accumulate in
endosomes and topologically related organelles. When reducing the room
temperature, the loading period has to be increased. Therefore, a balance of
optimum temperature and loading period should be found for each cell type [259].
Homogenous loaded cells were obtained after 45 min incubation at room
temperature, while different incubation times between 15 min to 1 hour were tried
in the experiments. Bootman and his co-workers [260] also used 1 h incubation
at room temperature as the optimum loading condition of fura 2-Am into HelLa
cells.) The stained cells were washed two times using HBSS+ (Calcium and Mg-
rich Hank's salt buffer) and were left for 15 min in fresh HBSS+ (inside the
chamber) to de-esterify the cell incorporated dye. The buffer was replaced with

400 pl fresh HBSS+, and the measurement was started immediately.

5.3.3 Simultaneous impedance spectroscopy and Ca?* measurement

The response of fura-2 loaded HelLa cells on interdigitated 1TO surfaces to 100
KM histamine was explored using the simultaneous impedance spectroscopy and
live cell fluorescence microscopy setup. The simultaneously recorded histamine-
induced impedance changes and Ca?* flux are shown in Figure 5-2A and 2B.
Histamine rapidly promoted a sharp short-lived intracellular Ca* flux in all fura-
2 loaded cells. The Ca?* peak reached a maximum within 60 s and then decreased
to a baseline level in a further 490 s. At the same time, histamine caused a rapid

dip in impedance that persisted for a few minutes before restoring. Thereafter the
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impedance increased over approximately 35 min before returning to a basal level
after a further 80 min. Notably, the observed trend of changes in impedance and
calcium ion mobilization are in agreement with those in previous studies
employing these two techniques separately on gold [261] and glass coverslip
[195], respectively. The onset of the impedance alteration was delayed 30 s after
intracellular Ca?* change. One important observation from these simultaneous
measurements is that the lifetime of the fluorescence response from the Ca®
mobilization correlated with the time of the dip in the impedance signal before

restoring to the initial value (Figure 5-2B).
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Figure 5-2. (A) The relative histamine-induced change in the fura-2 ratio at 340/380 nm
indicates the release of Ca2+ and the simultaneously recorded impedance of HeLa cells
plated on interdigitated ITO electrode. The normalized impedance is the impedance of
the cell-covered electrode divided by the impedance of the cell-free one (B) An
expansion of the impedance and Ca2+ mobilization response for short time intervals
from in part A showing the correlation between the fluorescence spike and the decline
in the impedance below baseline levels.

An image of an ensemble of fura-2-loaded HelLa cells and time-lapse montages

of one of the cells, responding to histamine, as an example, are shown in Figure
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5-3. These images show the high fluorescence quality of the surfaces in the setup.
Thus, the developed setup allows the monitoring of subcellular and whole-cell
responses of ensembles of cells over a wide time scales from milliseconds to
hours. Examples of the fura-2 ratio alteration of many individual cells in the
ensembles of cells in the field of view over time are shown in Figure 5-4. Results
indicated that the cytosolic Ca?* of all fura-2-loaded cells show a rise in response
to 100 uM histamine in Hanks' balanced salt solution, which is in agreement with
previous reports [262]. The addition of Hanks' balanced salt solution caused no

significant changes in either impedance or calcium signals. This result indicated

that the obtained responses were purely originated from histamine stimulation.

Figure 5-3. A representative of ensemble fura 2-loaded HeLa cells plated on the surface.
The ratiometric values of many cells in the field of view was used to calculate the average
change in ratiometric value shown in part A. The time-resolved images of one of the
cells as an example is shown. Images are pseudocoloured with warmer colours indicating
higher ratiometric fluorescence intensity in cells regions. The respective elapsed time
after histamine addition is shown.
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Figure 5-4. Histamine-induced fura-2 ratio change of individual cells on an interdigitated
ITO surface. Each curve present the change for one single cell. All fura-2 loaded cells
were responsive to 100 UM histamine stimulation. The arrows indicate the time of Hanks'
balanced salt solution (dashed arrow) or histamine (solid arrow) addition.

The reported ratiometric values are the average of the ratiometric value of
individual cells in the ensembles of cells in the field of view. This value for at
one time point was calculated using Fiji software as follow; Opening the movie
recorded from ensembles of cells > split channels > extract the frame of the time
of interest > draw the rough area around each individual cells, regions of interest
(ROI), using “freehand selection” tool > saving these areas using “ROI manager”
> Measuring the mean gray value of each ROI of each channel > subtract the
background intensity > dividing the aligned emission intensity excited at 340 nm

by that at 380 nm pixel by pixel over each manually traced cell region after
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subtracting the background fluorescence intensity. The background fluorescence
intensity was obtained by calculating the mean gray value of a cell-free area on
each frame. The ratiometric value of each individual cell was normalized by
diving the fura-2 ratio value with subtracted background data at each time point
by the average ratiometric value of that cell during the last 2 minutes before

histamine addition again after subtracted background value.

The time-resolution ratiometric images of an individual cell were extracted from
the created ratiometric movie as follow; Drawing the ROI around of the cells in
the ratiometric movie> Image> Stacks> Tools> Make Substacks. Then, the
ratiometric movie of the single cell was created by software. The frames related
to the time point of interest were extracted from the movie. The false color images

were created using the “Lookup Tables” in the “Image” tab of Fiji software.

5.3.4 Modeling the impedance of the cell layer

Frequency-resolved impedance reading (40000-400 Hz) at different time points
before and after adding histamine was subjected to the mathematical model of
Giaever and Keese [147]. The detail of this modelling strategy has been explained
in chapter 1.Figure 5 illustrates the frequency resolved impedance spectra of
interdigitated ITO surface without cells and with cells. The impedance value
calculated from the mathematical model were used to obtain the values of o and
Rb, before and 25 min after histamine addition. These values for Ry changed from
1.806 + 0.10 Q.cm? to 2.13 + 0.12 Q.cm? and for o from 1.678 + 0.04 Q¥2.cm to

1.719 + 0.05 QY2.cm before and 25 min after histamine addition. In the current
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study, any huge change in cell radius was not observable using microscopy and
if such a huge change of cell radius was the driver of change in o value, the
restoration of the impedance would take a long time (hours) to recover to the
basal level. With the average cell radius of 10.2 = 2.1 pum, calculated by
measuring the area of more than 19 cells, and p of 54 Q.cm at 37 °C, the value of

h was calculated to change from 199.5 £ 8.7 nm to 190.0 £ 9.2 nm after 25 min

of exposure to histamine.
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Figure 5-5. (A) A mathematical model developed by the Giaever group was used to fit
the frequency resolved impedance data to calculate the values of a, representing the
contribution of cell-surface connection, Ro, showing the role of cell-cell strength in define
the impedance value, and Cm, the cell capacitance. The model also can be used to
extract the morphological information of cells. rc represents the average cell radius and
h is the average distance between the ventral cell membrane and the surface. (B) An
example of frequency resolved impedance data of a cell-free interdigitated ITO and the
experimental (lines) and fitted (scattered dots) data of the cell-covered electrode before
(dashed line and scattered triangles) and 25 min (dotted line and scattered circles) after
histamine addition.

Fitting of the model to experimental data enables the determination of the
contribution of the cell-cell and cell-substrate interactions to the experimentally
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measured impedance (Figure 5-6). The percentage of change in each parameter
with respect to its value before the addition of histamine has been expressed as a
relative change.The results showed that the immediate decrease in experimental
impedance was mainly caused by the decrease in cell-cell resistance (t < 4 min).
These findings are in agreement with studies on endothelial cells suggesting that
histamine targets E-cadherins, and consequently, decreases cell-cell connectivity
[34]. Cadherins are Ca?*-dependent transmembrane proteins. In addition, the
change in cell-cell resistance is in parallel with the change in overall impedance
(~ 40 min). Phase contrast images of cells were recorded before and after
histamine addition in an attempt to visualize the change in cell-cell distances
using the setup (Figure 5-6B). The arrows on the images show locations where
the short-time increase and long-term decrease in cell-cell distances in response

to histamine are observable.
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Figure 5-6. (A) The experimental impedance spectroscopy was modeled and
deconvoluted to estimate cell-cell (dashed line) and cell-substrate (dotted line) resistance
and is shown along with the experimental impedance at 4 kHz (solid line). (B)
Representative time-lapse montages of HelLa cells before addition of histamine, 3 min
and 30 min after histamine stimulation captured using phase contrast microscopy
performed simultaneously with impedance measurement shown in part D. The arrows

1 The resolution of the phase contrast images have been affected by the thickness of the electrodes.
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in part D indicate the times that phase contrast images were taken and on the images
point to locations with observable changes in cell-cell contacts. Scale bar is 20 pum.

5.3.5 Surface modification characterization

The ability to screen live cells in a physiologically relevant context is crucial to
acquire reliable information for drug discovery and development. Therefore,
surface chemists have been motivated to engineer substrates to provide a defined
expression of immobilized ligands [15]. Currently, seldom has the effect of
surface chemistry been connected with biological functions of cellular targets in

response to soluble cues.

Interdigitated ITO surfaces were modified with different average RGD spacing
to assess any possible impact of cell adhesive ligand spacing on histamine-
induced cellular responses (Schematic 5-2). The modification strategy and
characterization of the surface are outlined in detail in chapter 2. In brief, a
plasma cleaned interdigitated ITO surface was modified with 16-
phosphohexadecanoic acid self-assembled monolayers followed by coupling to
different ratios of 1-aminohexa(ethylene oxide) to 1-aminohexa(ethylene oxide)
monomethyl ether molecules. The distal hydroxyl on the 1-aminohexa(ethylene
oxide) was then activated to which the GRGDS adhesive ligands were attached.
The RGD spacing on the surfaces was tuned by adjusting the ratio of the two

ethylene oxide-based molecules.

123



CHAPTER 5. SIMULTANEOUS IMPEDANCE SPECTROSCOPY AND LIVE
CELL FLUORESCENCE MICROSCOPY

Interdigitated working area

Insulating

Reference N .
on9H. . /membrane

electrode

»~ counter
electrode

COOH

= : 4 —0_ 0
= 16-phosphohexadecanoic acid g7

. \/\/\/\/\/\/\/\)LOH

—0
OH OCH,

§= 1-aminohexa (ethylene oxide) HzN ’\{o\a?H g = 1-aminohexa (ethylene oxide) monomethyl ether HzN’\%O\a_O'CHa

Schematic 5-2. Interdigitated ITO area was modified using 16-phosphohexadecanoic
acid followed by attaching to various ratios of 1-aminohexa(ethylene oxide)
monomethyl ether to 1l-aminohexa(ethylene oxide). Further coupling of controlled
amount of GRGDS cell adhesive ligands was achieved with the hydroxyl, and not to the
methoxy-terminated species.

5.3.6 Simultaneous histamine-induced calcium ion release and impedance
change on surfaces with different RGD densities
Simultaneous measurements revealed that histamine stimulation of cells on
surfaces with average RGD spacing of 1 or 31 nm led to cytosolic Ca?* release
(Figure 5-7A) and impedance changes (Figure 5-7B) over shorter durations of
time compared with cells compared with surfaces with 968 or 30957 nm average
ligand spatial distribution. The duration of Ca?* was calculated based on the time
that Ca?* signal takes to reach a plateau. In addition, the results indicated that the
magnitude of the histamine-induced Ca?* flux (Figure 5-7C) and impedance
response (Figure 5-7D) were also sensitive to the spatial expression of RGD
adhesive ligands. The summarized average variations in the percentage of the

fura-2 ratio (Figure 5-7C) were calculated by subtracting the average ratiometric
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values at the beginning of the experiment from the maximal ratiometric values

after histamine addition [263].
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Figure 5-7. Simultaneous histamine-induced impedance and calcium ion release
measurements of HelL a cells plated on interdigitated ITO surfaces with different average
RGD spacing. (A) The Ca?* duration. (B) The time to maximal impedance response (C)
The maximum normalized ratio of fura-2 ratiometric value obtained by dividing the
fluorescence intensity measured with excitation at 340 nm to that at 380 nm for cells.
The data are integrated over the ratiometric data of individual cells in the ensemble of
cells at the time of maximum response divided by the respective ratiometric value of
each cell before histamine addition, n >19. (D) The value of maximum impedance
response of cells before (black bars) and after (grey bars) histamine addition normalized
to the impedance values of cell-free electrodes. The inset is the difference between the
impedance value before and after histamine addition. For statistics, 1 way ANOVA,
comparing all sets of data with data of surface with average 31 nm RGD spacing. *p <
0.05 relative to surfaces with 31 nm average RGD spacing wherever it is not specified.

Histamine promoted a higher Ca?* response in cells plated on the surfaces with

RGD spacing of 1 or 31 nm than surfaces with average RGD spacing of 968 or
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30,957 nm. Examples of Ca?* response and impedance signals of the cells on
surfaces with different RGD densities are shown in Figure 5-8 and Figure 5-9.
For cells on surfaces with 1 or 31 nm average ligand spacing, there was a lower
relative increase in impedance values upon histamine addition compared with
cells on surfaces with average RGD spacing of 968 or 30,597 nm (Figure 5-7D).
These smaller impedance increases are attributed to the more robust cell adhesion
to these surfaces and to neighboring cells before stimulation than the surfaces
with higher ligand coverage. Higher baseline impedance level (Figure 5-7D) of
plated cells confirmed greater cell adhesions to the surfaces with 1 nm or 31 nm
average ligand spacing compared with the surfaces with 968 or 30,597 nm
average ligand spatial distributions. This is physiologically relevant as the RGD
spacing smaller than 70 nm mimics the similar periodic spacing of RGD to that

found in fibronectin and collagen which provide strong cell adhesion points [80].
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Figure 5-8. Examples of simultaneously recorded time-lapse montages of a fura-2-
loaded single HeLa cells on surfaces with different average RGD spacing (The spacing
is shown on top of each series of images). The elapsed time written on each image refer
to the duration after histamine addition. Pseudocolor calibration bar indicates that
warmer colours (e.g., orange, red) attribute with higher concentrations of intracellular
calcium cells regions.
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Figure 5-9. (A) Simultaneously recorded real-time normalized histamine-induced
impedance on surfaces with various RGD spacing of 1 nm (black solid line), 31 nm (black
dashed line), 968 nm (grey solid line) and 30597 nm (grey dashed line) and the surface
with no RGD (black dash-dotted line) (B) Magnified time course of normalized
impedance as is shown in part A. The impedance of a cell-covered electrode was divided
by the respective impedance of the cell-free electrode, to obtain normalized impedance
value on each surface.
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5.3.7 The behavior of the cells on the surface modified with only 1-
aminohexa(ethylene oxide) monomethyl ether molecules
Cells on inert surfaces, surfaces modified with 1-aminohexa(ethylene oxide)
monomethyl ether in the absence of 1-aminohexa(ethylene oxide) such that no
RGD ligands were attached, did not show any reproducible histamine-induced
Ca?* response. Cells on this surface did display a slight change (less than 1%) in
impedance signal with no initial immediate decrease upon histamine stimulation.
This is because a limited number of cells adhered to this surface and rarely any
mature cell-cell contacts formed (Figure 5-10). This result further supports the
idea that a decrease in cell-cell adhesion dominantly drives the histamine-induced
immediate decrease in impedance value as was concluded from the modeling
results. This surface is acting as an inert surface with the minimum ability of cell
attachment and adhesion although a high density of cells (1.5 x 10° cells/ cm?)
has been plated on the surface for 3.5 h. The disappearing of the temporary rapid
decrease in impedance that was observed for cells on other studied surfaces is in
agreement with the idea that reduction in cell-cell adhesion precedes the

immediate histamine-induced reduction in impedance value.
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Figure 5-10. (A) A phase contrast image of cells on surface modified with only 1-
aminohexa(ethylene oxide) monomethyl ether molecules (No RGD) after 3.5 h of plating
and before fura-2 dye loading procedure. (B) Histamine-induced impedance alteration
of cells on this surface. This peak displayed a weakly visible change (less than 1%) with
no initial immediate decrease. This data further support the idea that reduction in cell-
cell adhesion precedes the immediate histamine-induced decrease in impedance value.

The results confirmed the sensitivity of cell responses to the model drug to cell-
surface interactions. It is speculated that among the possible factors that may have
participated in regulating agonist-induced Ca?* mobilization, the morphological
state of cells has played an essential role. It has been demonstrated by the
Gooding group that cell morphology is regulated on ITO surfaces with various
RGD spacing [238]. It has been shown that the interruption in the cytoskeleton
arrangement which is in direct relation to cell morphology contributes to
modulating the release of Ca®* through the formation of signalling complexes
that alter the efficiency of the relevant signalling transductions [264, 265].
However, this is incredibly complicated as cytoskeleton and Ca?* mobilization
cross talk in a bi-directional manner. It is shown that the rearrangement of cellular

actin is Ca®" dependent [266] and essential for inducing an impedance change.
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Therefore the modulated Ca?* elevation can be a reason behind the regulated
duration of impedance change on surfaces with various cell adhesive ligand
densities. Recently, The Gooding group has demonstrated [81] that cells on a
silicon wafer with average RGD spacing of 44 nm display highly ordered focal
adhesions and, consequently, the greatest signal transduction efficiency.
Interestingly, herein, the minimum duration of histamine-induced impedance
alteration was found to correlate well with the shortest duration of Ca?* elevation
on interdigitated 1TO surfaces with 31 nm average RGD spacing. The cells on

this surface displayed the maximal amplitude of histamine-induced Ca?* release.

54 SUMMARY

These findings are biologically significant since they imply that specific adhesive
ligand spacing induces synergy between adhesive ligand integrins and mediators
of GPCRs activity that critically determine the cell behavior. Thus, controlling
the surface chemistry is critical to avoid misleading information on cellular
responses during drug testing. Developing the screening tools similar to the
simultaneous methodology that was presented here provides the ability of real-
time analysis of cellular responses at sub-cellular and whole-cell levels on an
interdigitated 1TO surface that was designed to mimic the native cellular
environment. In summary, a novel approach that combines two powerful
techniques for examining the cell responses was developed; live fluorescence
microscopy and impedance spectroscopy, simultaneously. This coupling offers a

more in-depth view of cellular responses to soluble cues in the presence of
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physical attributes of adhesive cues with different time scales. This methodology

provides a more comprehensive and reliable evaluation of drug in vitro.
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6.1 INTRODUCTION

Scarring happens as the last phase of the normal physiological tissue response to
wounding. However, if scarring perpetuates in pathological cases, fibrosis may
occur and cause the loss of tissue function and even death. Fibrosis is a major
global health burden [267] accompanying with deregulated cell morphology,
migration, differentiation and function [268] . The fibrotic condition is
histologically characterized by the excessive production of extracellular matrix
(ECM) components such as collagen [269]. Different parts of the body such as
lung, liver, skin, joints, and tendons can be afflicted by fibrosis disorder. For
instance, the fibrotic condition in palms, called Dupuytren’s, is associated with
permanent flexion contracture of digits, which is often painless but severe and
debilitating to hand function [270]. Apart from pathological effects, millions of
patients develop multiple long-term fibrotic sequelae such as depression and
sleep disorders that severely hinder their quality of life [271]. Currently, the
excision of the palmar aponeurosis, in the form of fasciectomy is the most
common therapy for Dupuytren's contracture. In fact, there is no potent chemical
compound available as a cure for the different type of fibrosis [272]. Due to the
surgery complications [273, 274] and the high recurrence rate [275], there is an

unmet need to develop drug therapies.

The development of efficient therapeutical antifibrosis agents has been hampered

partly due to the lack of appropriate methodologies for the in vitro evaluation of
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these compounds prior to introducing the agents to animal models [276].
Currently, most of the devices in this area monitor the amount of deposited
collagen to detect the effect of the potential antifibrotic compounds. One of the
biological challenges in this regard is that cells do not lay down enough collagen
over a useful time scale in vitro for screening with either monolayer cultures or
3D scaffolds. Recently, Raghunath group [272] has introduced efficient strategies
to accelerate and enhance collagen deposition in vitro. In this method, specific
biomolecules are added to the culture medium (crowded media) to speed up the
fibrosis progress from several weeks to a few days, similar to what occur in body
condition. The detection in these methods involves fixing and staining of collagen
fibres and measure the collagen area compared with control samples. The
enhanced collagen production process combined with fluorescence microscopy
analyses is called “Scar-in-a-Jar” [277]. As the “Scar-in-a-Jar” method requires
cell fixation and staining, it is essentially an end-point assay. A desirable
extension of this technique would be to develop methods that are amenable of
assessing fibrosis on the same cells as it progresses. Thus, evaluating of fibrosis
in live cells for long-term, without interrupting cells normal function, is important
to provide a more robust assay that can provide information on the dynamics of

drug responses as well as their end result [278-280].

Electrochemical impedance bioassays can detect minute changes in cell
morphology and cells-cells or cells-substratum connectivity as well as the

alteration in media resistance in real-time [173, 281]. Thus, these techniques have
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the capability to assess the disease or therapies that interrupt with cell shape and
adhesion in long-term in a label-free manner. During fibrosis, quiescent
fibroblasts differentiate to fibrotic myofibroblasts associated with alteration of
cell morphology and adhesion [268]. Thus, the hypothesis was that bioimpedance
measurements may display sensitivity to fibrosis progress. In this regard, the
feasibility of screening of potential anti-fibrotic compounds using
electrochemical bioimpedance measurements is worthy of assessment to provide
a real-time “Scar-in-ajar” inspired biosensor. However, correlating the acquired
raw impedance data to subcellular events is challenging. Therefore, a desirable
cell-based electrochemical impedance biosensor that provides the possibility of
also performing light microscopy would greatly aid in the acquiring of
information on intracellular changes that occur during the screening of newly

developed antifibrotic molecules.

Herein, the feasibility of wusing cell-based electrochemical impedance
measurements in determining the efficacy of potential antifibrotic chemical
agents was assessed by culturing the fibrogenic cells on interdigitated 1TO
electrodes. The assay was used to examine the effect of an analogue of mannose-
6-phosphate (M6P), namely PXS64, on inhibiting the progress of fibrosis of cells
collected from the palms of patients with Dupuytren's disease. During the entire
experiment, fibrosis was modelled in vitro by culturing fibrotic cells under the
experimental condition developed as part of the “Scar-in-a-Jar” methodology.

Owing to the non-invasive nature of the employed electrochemical method, and
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the transparency of the electrodes, the cell area, the amount of collagen per cell,
collagen fibrils alignment, and the level of cytosolic Ca?* was measured using
fluorescence microscopy after finding the useful time window of the drug. In
addition, the fluorescence-based analyses were used to confirm the validity of the
results of the bioelectrochemical impedance assay on the efficacy of the
examined antifibrotic chemical compound. The principle of impedance

measurement combined with the “Scar-in-a-Jar” is shown in Schematic 6-1.
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Schematic 6-1.The electrochemical impedance values of the cell layer before (Z1) and
after (Z,) fibrosis may display different values due to the change in morphology and
adhesion of cells. Fibrosis is involved with the transition of fibrogenic cells from
quiescent fibroblasts collected from patients to fibrotic myofibroblasts. The fibrosis
disease is modelled in vitro using the crowded media as part of the “Scar-in-a-Jar”
strategy. Impedance measurement aims at determining the efficient time window of the
examined chemical compound in a rapid and non-destructive manner prior to performing
optical analyses on the same cells to provide quantitative information at on detail
intracellular events.

6.2 EXPERIMENTAL SECTION

6.2.1 Preparing media

Three different media were prepared; non-crowed, crowded, and PXS64-
containg crowded media. The crowded media contains molecules that stimulate
cells to produce enhanced amount of collagen in shorter period of time.The
crowded model the scar-like tissue in vitro according to “Scar-in-a-Jar” method
[277]. This media contains 0.5 % FBS, a mixture of 37.5 mg/mL Ficoll PM70

136



CHAPTER 6. REAL-TIME SCREENING OF POTENTIAL ANTIFIBROTIC
COMPOUNDS ON LIVE CELLS USING A BIOELECTROCHEMICAL
ASSAY

(Fc 70) with 25 mg/mL Ficoll PM 400 (Fc 400), 100 mM of I-ascorbic acid 2-
phosphate and 5 ng/mL-1 TGF-B1 (5 ng/ml). 2-Phosphate hexahydrate is a stable
form of ascorbate with a longer lifetime than ascorbate in culture [282]. The
neutral macromolecules in a Ficoll cocktail (Fc) increases collagen deposition
10-fold in 6 days and in a reticular deposition pattern [277]. PXS64-containing
crowded condition refers to the crowded media with 10 uM dissolved PXS64.
The non-crowded state (control media) represents to DMEM that containing |-

ascorbic acid 2-phosphate, penicillin-streptomycin and 0.5% FBS.

6.2.2 Primary cell culture

Human primary Dupuytren's cells were collected from palms of the patients with
Dupuytren’s disease under University of Western Australia ethics approval and
with informed consent from all patients in accordance with the NHMRC national
statement on ethical conduct in human research. The primary cells were cultured
as described in 2.4.3. 50000 Cells/cm? were cultured for 24 h on surfaces in
normal DMEM-glutamax media with 10% FBS and 1% penicillin/streptomycin
and then the media was changed to one of the non-crowded (control), crowded

(no drug) or 10 uM PXS64-containing crowded culture

6.2.3 Electrochemical impedance spectroscopy

The cell-covered interdigitated ITO surfaces were probed with a weak non-
invasive sinusoidal AC signal within the range of frequency between 40000-400
Hz (10 mV) (12 points/decade) as is described in Chapter 2, § 2.5.1. This current

applies only a negligible electrical stimulation to cells during the impedance
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measurement and, therefore, do not electrically stimulate them. The electrodes
were washed two times with the electrolyte (cell media) before cell seeding. The
resulting electric potential was measured 24 h after cell seeding across the cell-
covered electrode to acquire the baseline impedance spectra. The experimental
impedance spectra of the cell layers on the surfaces under different conditions
were recorded daily. The measurements continued until the fibrosis occurred and
then the effect of the drug became evident. The impedance value on each surface
was normalized by dividing the impedance of cell-covered electrode at each time
point by the impedance value of the cell layers obtained 24 h after seeding cells,
before applying different experimental conditions. The cell-covered surfaces
were then used for further optical analyses after finding the effective time

window of PXS64 for Dupuytren's cells.

6.2.4 Cell area measurement

A measure of Dupuytren's morphology and cells area was performed after
impedance measurements. To this end, cells were fixed and stained with Alexa
Fluor® 647 phalloidin. Alexa Fluor® 647-phalloidin stain the cell cytoskeleton
through the binding of phalloidin to F-actin. Chapter 2, § 2.4.4 describes the
fixing and staining processes. The fluorescence images were recorded using a
total internal reflection fluorescence (TIRF) microscope (ELYRA, Zeiss)
equipped with a cooled, electron-multiplying charge-coupled device camera
(iXon DU-897; Andor) with an exposure time of 30 ms. A 20x air objective lens
and 15 mW of 633 nm laser illumination were used for imaging. Raw
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fluorescence intensity images were analyzed using image-analysis software

platform ImageJ (US National Institutes of Health).

6.2.5 Immunocytochemistry for collagen visualization according to “Scar-
in-a-Jar” method
Cells were exposed to one of the non-crowded, crowded (no drug), or 10 uM
PXS64-containing crowded conditions for the time window that was indicated
using impedance measurements. Then, cells were washed with PBS and were
blocked with 3% bovine serum albumin (BSA) in Fluorobrite for 10 min. Then
the immunocytochemistry assay was performed using primary and secondary
antibody solution according to Chapter 2, § 2.4.6. The nuclei of cells also were
stained to count the number of cells on the surface using Hoechst® staining

solution as Chpter2, 8§ 2.4.4 explains.

The coverslips were mounted on the slides using Prolong® Gold anti-fade
mounting solution (Life technologies, USA). Nail polish was used to fix the
coverslips, and the slides were stored in a light-proof box at 4°C until imaging

for quantifying the amount of collagen per cell or for coherency analysis.

6.2.6 Coherence analysis

The alignment of collagen fibres deposited by cells cultured in crowded, non-
crowded and PXS64-containing crowded media was calculated by analysing the
confocal images of stained collagen and nuclei using the orientation J plugin of

Fiji software and the orientation J package as has been outlined in detail in
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Chapter 2, 8 2.4.7. The coherence value from 0 to 1 described the collagen fibres

with lowest to highest oriented structure, respectively.

6.2.7 Ca?* flux measurement

The amount of intracellular Ca?* flux in cells was measured after exposing cells
to one of the non-crowded, crowded or PXS64-containing crowded culture media
for the time window that was determined by impedance results. The measurement
was performed after loading cells with fura-2 AM. Fluorescence at 340 nm/380
nm excitation and 510 nm emission were recorded on an inverted Nikon TE2000-
U microscope at 1 min intervals with an exposure time of 50 ms using a
Hamamatsu Orca ER digital camera at 37 °C. The ratiometric 340 nm/380 nm
signals of individual cells were quantified using Metamorph 6.3 to measure signal
intensity of manually traced cell regions. A cell-free equivalent region was used
to measure the background intensity. The background value was subtracted from
the value that was obtained from cell areas. Based on the observed results for
cells exposed to different media for the duration that was indicated based on
impedance measurement, it was decided to check the intracellular calcium ion
concentration of Dupuytren’s cells at different time points. Cells were seeded on
the surfaces for 24 h first, then the intracellular Ca?* was measured immediately
after changing media (0 h), after 24 h, after 48 h or after 72 h of treating cells in
one of the non-crowded, crowded (no drug), or 10 uM PXS64-containing culture
media. For acute measurement (0 h), the intracellular calcium ion level of the
cells loaded with fura-2 AM was measured 5 min just before and 10 min after
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changing the experimental condition. For long term measurements (>24 h), the
media was changed to one of the relevant ones and at specific time points the
fura-2 was loaded, and the intracellular Ca?* flux was measured for cells under
various experimental conditions. To study whether the calcium flux is mobilized
from endoplasmic reticulum stores, thapsigargin was used [283]. For this
purpose, 10 nM thapsigargin was added to cells that were exposed to the crowded
media for 48 h and the cytosolic calcium ion level was then measured after

another 24 h.

6.3 RESULTS AND DISCUSSION

The “Scar-in-a-jar” model uses TGF-B to enhance collagen deposition in an
accelerated manner. In this study, such a condition noted as “crowded media”.
Crowded condition describes the environment that induces a scar-like state.
Macromolecules in the crowded media drive reaction partners into closer
collaboration resulting in improved protein folding and protein-protein
interactions [277]. The absence of crowding molecule (TGF-B) hinders the
fibrosis progress [284]. This condition was named “non-crowded”, where fibrosis
progress is expected to impede compared with the cells exposed to the crowded
media. The effect of PXS64 was examined by culturing cells in the crowded
environment in the presence of 10 uM PXS64. This concentration was selected
according to a recent study conducted by lyer and co-workers [285, 286] to

control the fibrosis of fibroblast cells. It is desirable that the potential antifibrotic
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compounds in crowded media keep the state of cells as close as possible to those
under the “non-crowded” condition. The experimental conditions have been

summarized in Table 6-1.

Table 6-1. Summary of the experimental conditions

Condition Non-crowded Crowded Drug-containing
crowded
TGF-B1 (5 - + +
ng/ml)
PXS64 (10 uM) - - +

6.3.1 Impedance measurement

Impedance spectroscopy on interdigitated ITO surfaces was employed to assess
the status of cells. For this purpose, the media was changed to the crowded, 10
UM PXS64-containg crowded, or non-crowded media after 24 h of seeding cells.
The frequency-resolved impedance readings were performed at 12 frequencies
spaced evenly on the logarithmic scale ranging from 40000 Hz to 400 Hz were
recorded at each time point. The impedance measurement was carried out at
different time points until significance differences between the impedance values
of cells in drug-containing condition were observed compared with those under
the crowded state. The impedance values of the cells before changing the
experimental conditions were similar. These data displayed significantly higher
value for cells under crowded condition compared with cells in non-crowded or
PXS64-containing crowded media after 48 h of exposure. The example of
frequency-resolved impedance data shown in Figure 6-1A demonstrates that the

impedance changes were at a maximum at 40000 Hz. The electrical current
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mainly passes between the ventral surface of the cell membrane and the electrode
and cell membrane rather than through cell junctions at high frequencies (f >
10000 HZ) [157]. Therefore, at these frequencies, the impedance is dominated by
the resistance through the cell and therefore mainly depends on cell coverage, the

cell-electrode gap (cell cleft) and the electrolyte resistance [156, 287].

The normalized impedance values at the frequency of 40000 Hz after immediate
(0 h), 24 h, 48 h, and 72 h after changing the normal media to one of the
experimental conditions are shown in the Figure 6-1B. The time-resolved
impedance values after exposing cells to different conditions were divided by the
impedance value of the cell-free electrodes to obtain the normalized data. This
normalization removes the contribution of the electrode-electrolyte combination
and parasitic elements [288]. Therefore, the change in impedance values was
attributed to the alteration in cellular properties induced by applying different
experimental conditions. The impedance of the cells under the crowded condition
displayed a greater increase over time compared with cells cultured in the non-
crowded environment. The magnitude of the impedance of cells under crowded
condition after 48 h displayed a significant difference compared with cells in the
crowded media containing 10 UM PXS64 and this effect persists in the next 24
h. The impedance of the cell-covered electrodes cultured in 10 uM PXS64-
containing crowded culture media displayed similar values to those in the non-
crowded one. These results indicated the efficacy of PXS64 in neutralizing the

effect of the crowded condition that stimulated fibrosis in 72 h. Next, the validity
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of the results on the influence of PXS64 using electrochemical impedance
measurement was assessed using fluorescence measurements on the cells after 72
h culturing under the different experimental condition and running

electrochemical measurements.
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Figure 6-1. Measure the effect of PXS64 on Dupuytren's cells in non-crowded (solid
curve), crowded (dashed curve), or 10 pM PXS64-containing crowded media (dotted
curve). (A) The impedance measurement at 12 frequencies in the range of 40000 Hz-400
Hz after 72 h exposing cells to the various media. The frequency of 40000 Hz showed
the broadest range of relative change for cells as has been highlighted. The impedance
values at this frequency were reported for further comparisons. (B) The effect of PXS64
on Dupuytren's cells at different time points by tracking the real-time change in
impedance of the cell layers at 40000 Hz. The impedance of the cells under the crowded
condition showed a significant increase compared with the cells cultured in PXS64-
containing crowded media. This indicated the efficacy of the drug in inhibiting the
fibrosis progress in the crowded state. The elapsed time shows the time after changing
the normal media of cells into one of the experimental conditions. *** is p < 0.001 versus
non-crowded condition.

6.3.2 Cell area measurement
Evaluation of the cell area and shape was performed by staining the cytoskeleton
to obtain the quantitive information on the effect of PXS64 as an antifibrotic

chemical on cellular behaviour. The fluorescence microscopy was also used to
144



CHAPTER 6. REAL-TIME SCREENING OF POTENTIAL ANTIFIBROTIC
COMPOUNDS ON LIVE CELLS USING A BIOELECTROCHEMICAL
ASSAY

correlate the conclusions made with the electrochemical impedance measurement
with cell morphology changes. It has been demonstrated that cell morphology
and spreading are downstream events that undergo regulation in fibrosis.
Therefore, cells on the electrodes treated under different experimental conditions
were fixed and stained with Alexa Fluor® 647 phalloidin (Figure 6-2). The results
showed that cells under crowded condition displayed dendritic morphology,
whereas, cells in non-crowded media mainly exhibited the stellate shape.
Furthermore, the results illustrated that the presence of 10 uM PXS64 recovered
the cell morphology back to stellate. The average area occupied per cell were
calculated based on obtained fluorescence images (Figure 6-2D). Cells under
crowded media displayed a significantly higher average area per cell than cells
exposed to PXS64-containing crowded media. Moreover, the results showed that
cells under the crowded condition in the presence of 10 UM PXS64, exhibited
similar morphology and spreading behaviour to cells cultured under non-crowded

condition.

These results demonstrated that cells under crowded condition became well-
spread, indicating they were well-adhered with prominent focal adhesions. This
morphological study showed that the crowded condition accelerated the fibrosis
in Dupuytren’s cells in vitro compared with same cells under non-crowded
condition. The cell area and shape of cells in PXS64-containing crowded media
remained similar to cells treated under the non-crowded state. In agreement with

impedance results, the fluorescence results indicated the capability of PXS64 to
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inhibit the effect of crowded condition in developing fibrosis. This change in cell
morphology occurs by inducing the polymerization of the actin cytoskeleton from
globular to filamentous [289, 290]. Actin polymerization is necessary for
impedance alteration [57]. The increased cell coverage limits the bare area of
electrode surface exposed to the electrolyte and thus the current leakage [156].
These data in addition to providing the quantitative measure of average area per
cell indicated that the observed increase in impedance value over time of cells

under crowded media could be related to changes in cell spreading and shape.
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Figure 6-2. A measure of Dupuytren's cells morphology and area post Alexa Fluor® 647
phalloidin staining. Epifluorescent images of cells in (A) non-crowded, (B) crowded (no
drug) or (C)10 uM PXS64-containing crowded media for 72 h. Considerable alterations
in cell morphology under crowded condition were observed compared with cells in
PXS64-containing media. (D) The values of average area per cell calculated based on
analyzing the epifluorescent images. These results indicated higher cell area for cells
under the crowded condition and the efficacy of PXS64 to keep the cell spreading
property similar to that of cells in the non-crowded state. * is p < 0.05 versus non-
crowded condition (n > 35). The scale bars are 50 pm.

6.3.3 Collagen I deposition analysis

An excessive amount of collagen is a salient feature of fibrosis [291]. Several
studies have reported the increase in type | collagen fibres in ECM of
Dupuytren’s cells [292]. Here, fluorescence microscopy was utilized to quantify
the amount of collagen per cell after 72 h of exposure to different media.
Moreover, such data provide one more evidence on the applicability of
impedance measurement in antifibrotic screenings. The average amount of
collagen that was deposited in ECM by each cell was calculated by following the
immunocytochemistry strategy explained in “Scar-in-a-Jar” methodology [276].
Figure 6-3A-C show fluorescence microscopy images of the deposited collagen
1 (green) and nuclei (blue) from cells in one of the crowded, non-crowded or
PXS64-containing crowded media. The area of deposited collagen | per cell was
calculated by analysing the recorded fluorescence microscopy images (Figure
6-3D). The average collagen produced by cells under crowded media was 3.4-
fold and 2.1-fold higher than that by cells cultured in PXS64-containing crowded
media, respectively. The statistical analysis showed no significant difference
between the amounts of deposited collagen from cells in PXS64-containing

crowded media compared with cells under non-crowded condition. It is shown
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that the excessive deposition of collagen increase the matrix stiffness and induces
focal adhesions formation and stability through an increase in tension at these
sites [293]. Thus, the extra deposited collagen by the cells that were cultured in

crowded media contributed in raising the impedance value for cells under

crowded state by improving the cell-surface adhesion.
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Figure 6-3. Collagen deposition analysis from the in vitro “Scar-in-a-Jar” study.
Fluorescence microscopy images of deposited collagen | (green) and nuclei (blue) of
cells exposed to (A) non-crowded, (B) crowded or (C) 10 uM PXS64-containing
crowded media for 72 h. (D) Quantification of the area of stained deposited collagen |
fibers per cell determined from the recorded microscopy images as are shown above.
Cells under crowded condition deposited significantly greater amount of collagen
compared with cells in the non-crowded state. The presence of 10 pM PXS64
significantly reduced the quantity of collagen fibers laying down in ECM under crowded
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condition. Data displayed as a mean + standard deviation (n>4). *** is p < 0.001 versus
non-crowded condition. The scale bar is 100 pm.

6.3.4 Study the architecture of collagen fibrils

It has been demonstrated that the functionality of connective tissues directly
depends on the alignment of collagen fibrils molecules [294]. During scar and
fibrosis development, collagen fibrils undergo many synthesis, breakdown and
cross-linking processes that strengthen and stabilize the formed tissue [295]. In
this regard, it has been shown [293, 295] that abnormal alignment of the collagen
is one of the characteristics of the formation of scar and fibrosis tissues.
Therefore, an effective antifibrotic chemical not only restores the amount of
collagen produced by cells but also keep the collagen alignment similar to their
organization in the native cell environment. The coherency analysis of cells after
72 h culturing in one of the non-crowded, crowded or PXS64-containing crowded
media is shown in Figure 6-4. A coherence of 0 means the most random
orientation, and a coherence of 1 means the least random alignment. A highly
oriented structure was observed for the collagen fibers produced by cells under
the crowded condition compared with cells treated in non-crowded or PXS64-
containing crowded media. In addition, there was no major difference between
the architecture of collagen fibers deposited under non-crowded state or 10 uM
PXS64-containg crowded media. These results indicated that PXS64 was
effective in keeping the alignment of the collagen fibers in the crowded
environment similar to those produced by cells under non-crowded condition.

The alignment of collagen fibers can profoundly influence fibroblast cells to
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orient themselves on rigid collagen fibers in the manner to generate maximal
traction forces that stabilize integrin adhesions to promote focal adhesion
maturation in the direction of collagen fiber orientation [293, 296]. Overall, the
cell area and collagen deposition and alignment assays together confirmed the

validity of impedance data on the effect of PXS64 on Dupuytren's cells.

These results together demonstrated the higher cell coverage and stronger cell-
surface adhesion for cells under the crowded condition that induce a scar-like
condition than cells exposed to this condition in the presence of PXS64. It can
be concluded that the higher impedance value for cells in crowded media
compared with the other mentioned conditions were due to the higher cell

coverage and well-adhered cells to the electrode surfaces.
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Figure 6-4. The coherency of collagen fibers deposited by cells exposed to non-crowded,
crowded or PXS64-containing crowded media. The results suggest a significant
coherence in the orientation of collagen fibers produced by cells under crowded
condition versus the random alignment of collagen fibers deposited from cells treated in
non-crowded or PXS64-containing crowded media. The collagen fibers exhibited
similarity in their alignment when they were stimulated with 10 uM PXS64-containing
crowded media. ** is p < 0.01 versus crowded media.
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6.3.5 Ca?" flux measurement

Herein, the efficacy of PXS64, in controlling fibrosis in Dupuytren's cells was
demonstrated both using a rapid and label-free electrochemical method and
multiple microscopy assays. However, the mechanism through which PXS64
control the fibrosis progress in Dupuyren's cells remain an open question. There
is evidence demonstrating that several aspects of Ca?" signalling behave
abnormally in fibrotic cells [297, 298]. Ca?* is engaged in extensive cellular
responses and relaying intracellular messages [299]. Thus, to examine whether
PXS64 control fibrosis progress through calcium signalling pathways, the
cytosolic Ca?* of Dupuytren's cells was determined before and immediately (Oh),
24 h, 48 h, and 72 h after changing the media to crowded, non-crowded or 10 uM
PXS64-containing crowded media (Figure 6-5). The cytosolic calcium level for
the cells in crowded media was considerably higher than that for cells in PXS64-
containing crowded media after 48 h and 72 h. These are consistent with time
points that were recognized using impedance measurement as the time that cell
shape and adhesion of cells in crowded and PXS64-containg crowded media

become significant.

Two possible sources of the increase in cytosolic Ca?* are the release of calcium
ions from internal stores and/or influx of Ca®" from the extracellular space
through the channels on the plasma membrane [300]. Thapsigargin was used to
assess whether the origin of Ca?* concentration is through the release of calcium

from the endoplasmic reticulum. Thapsigargin elevates cytosolic Ca?*
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concentration by blocking the ability of the cell to pump calcium into the
sarcoplasmic and endoplasmic reticula that cause the depletion of these stores
[283]. The attenuation of cytosolic Ca?* in the presence of thapsigargin indicated
that the release of calcium ions from endoplasmic reticulum stores played a major
role in increasing the cytosolic Ca?* under the crowded condition that stimulates
cells to go through fibrosis. Previously, the high activity of myosin light chain
kinases (MLCK) in Dupuytren's cells has been shown [300]. The activation of
MLCK is intracellular Ca®* dependant. Thus, these results suggested the
increased Ca?* level in Dupuytren’s cells. However, due to the inconsistency that
was found in the expression of MLCK trough Dupuytren’s tissue, more studies,
particularly on cells from different part of Dupuytren's tissue, should be

performed before concluding on intracellular calcium state in Dupuytren's cells.

The intracellular Ca* for cells cultured in PXS64-containing crowded media was
attenuated compared with those in crowded media. However, more studies are
needed before envisaging biochemical therapeutic strategies based on the

intervention of intracellular calcium.
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Figure 6-5. The intracellular Ca?* of cells cultured in non-crowded, crowded, or 10 pM
PXS64-containing crowded media immediately (O h) and after 24 h, 48 h, and 72 h of
changing the media. The increase in cytosolic Ca?* after 72 h was significantly attenuated
in the presence of either 10 uM PXS64 or 10nM Thapsigargin. The results indicated the
capability of PXS64 in controlling the fibrosis progress and showed that the source of
mobilized calcium was mainly from endoplasmic reticulum stores. * is p < 0.05 versus
crowded condition.

6.4 SUMMARY

In summary, it was shown that the developed electrochemical bioimpedance
assay have the capability of the screening the long-term effects of antifibrotic
chemicals. This assay can be used as a label-free and non-distractive method to
detect the appropriate doses and useful time windows of potential antifibrotic
chemical compounds. The real-time impedance measurements were combined
with the crowded strategy suggested in the “Scar-in-a-Jar” method to model the
fibrotic disease in vitro. This combination facilitates the determination of the

useful screening drug time window before performing laborious quantitative
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measurement processes. The change in impedance magnitude was used as the
measure to determine the effect of PXS64 on primary human cells collected from
the palms of patients with Dupuytren’s disease. The fluorescence assays not only
provided quantitative information on subcellular influences of the examined
chemical but also confirmed the validity of the impedance method for monitoring
potential therapeutical agents. The emergence of cell-based electrochemical
impedance approaches for screening potential antifibrotic compounds opens new

avenues to probe the dynamics of fibrosis in live cells in a real-time manner.
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71 SUMMARY

This thesis has presented results obtained during development of a cell-based
assay that was used to study the various aspects of cells responses in the presence
of physical and soluble cues. The opportunity of obtaining more comprehensive
insight into cellular responses was provided by combining impedance
spectroscopy and optical microscopy techniques. Optical microscopy techniques,
fluorescence in particular, were employed to detect short-lived subcellular
events. Impedance spectroscopy monitored alterations in cell adhesion and
morphology in a label-free and real-time manner over an extended period of time.
The transparency and conductivity of interdigitated ITO electrodes supplied a
substrate compatible with both techniques. A stable and robust surface
modification strategy provided a well-controlled environment for cell adhesion.
The application of the developed dual impedance/microscopy setup was extended
to screen a potential anti-fibrosis compound.

In the earlier parts of the research (Chapter 3), gold electrodes, as the most
common surface for bioelectrical measurements, were modified with low
impedance and antifouling coatings. The ability of the developed coatings in
limiting nonspecific proteins adsorption was confirmed using fluorescence
microscopy and electrochemical impedance spectroscopy. These features were
prerequisites of the substrate for developing a cell-based biosensor. Using gold
for optical microscopy of cells was challenging due to quench of the fluorescence

and lack of transparency.
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Chapter 4 discusses the modification of indium—tin oxide (ITO) electrodes as
transparent and conductive interfaces with controlled density of RGD adhesive
ligands. A setup for running simultaneous live optical microscopy and impedance
spectroscopy was designed. The simultaneous microscopy and electrochemistry
results were employed to coordinate the impedance data with the amount of cell
coverage on the surface. The developed system showed the dependency of cell
adhesion kinetic to the expression of different RGD spacing.

Chapter 5 illustrates the application of the developed dual readout system using
live fluorescence and impedance spectroscopy to investigate how surface
chemistry influences the cell responses to soluble cues. G-protein coupled cell
receptors were used as the pathway interrupted with soluble cues inducing
changes in cell shape and adhesion as well as intracellular signalling (e.g.,
calcium signalling). This part of the study revealed the importance of controlling
the cellular adhesive environment on cell response to chemical cues.

Chapter 6 demonstrates the developed cell chip efficacy to acquire biological
information on the effect of potential anti-fibrotic compounds on primary human
cells. The impedance spectroscopy on interdigitated ITO surfaces was used to
detect the useful time window of the potential therapeutic agent. The microscopy
analyses performed afterwards provided quantitative subcellular information on
the effects of the examined agent per individual cell. The results of this chapter
confirmed the capability of the developed device for drug-screening applications.
In summary, this study revealed the power of the developed dual approaches

using live optical and impedance measurements in screening the cell behaviour
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and aiding in answering biological questions. The results demonstrated the role
of expression of physical cues in regulating cell adhesion and attachment and
modulating the cell responses to soluble cues.

7.2 FUTURE WORKS

7.2.1 Finding the mechanisms behind cell response to GPCRs agonists

Achieving a deeper understanding of the mechanisms behind the drug functions
to aid in developing more efficient therapies. Most of the current drugs in the
market targets GPCRs on the cell membrane to trigger cell responses [301]. It
was found in this study that the timescale of calcium signalling mobilization
correlated the best with duration of the decrease in cell-cell adhesion in response
to histamine as a GPCRs agonist (Chapter 5). It was shown in this project and in
the literature [265, 302, 303] that calcium release and cytoskeleton arrangement
crosstalk in a bi-directional manner. However, the exact pathway that connects
the organization of cell adhesive ligands to the modulation of outside-in
signalling of cells is an open question. The developed setup using simultaneous
microscopy and impedance spectroscopy can be used to answer the biological
questions on the mediators of these events. Different actin disturbing agents can
be used to find out that which part of the cytoskeleton structure is mediating the
change in cell morphology and adhesion in response to histamine or other
stimulators of GPCRs. For instance, cells can be incubated with blebbistatin
[304] before addition of histamine to find out if myosin light chain kinase
(MLCK) is mediating the change in the cytoskeleton. Subsequently, other actin

disturbing agents such as latrunculin A [305] that sequester the free actin can be
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used to examine the role of free actin in response to histamine. The Rho-kinase
(ROCK) inhibitors [306, 307] are other potential candidates which can be utilized
to achieve a better understanding of the mechanism of behind the effects of

GPCRs stimulators on cells.

7.2.2 Personalized medicine

It is shown that not only different drugs have unique effects on cell behaviour,
but also the responses of individuals can be unique due to genetic variations and
body factors that contribute to human illness. Having accurate diagnostic tests
aid in the success of personalized medicine to recognize the patients that can
benefit from targeted medicine [308]. A future work can be based on
investigating the effect of therapies on the same kind of cell lines from different
patients. Personalized medicine is a key to ensuring that patients will receive the

best suited possible therapy [309].

7.2.3 Screening newly developed therapeutic compounds

The pharmaceutical industry frequently use a series of in vitro toxicity testing
and functional biochemical high throughput screening assays to assess the
potential molecule libraries and build new classes of lead compounds [59]. In
these tests, the affinity and binding efficacy of the testing agent to the target of
interest is performed. These assays are mainly based on enzyme inhibition and
ligand-receptor binding tests [179]. Recently using live cells as sensing elements
for drug screening applications has been considered as a more physiologically
relevant assay than the biochemical tests [85, 310]. In addition, the purification
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and preparing of targets in biochemical assays in some cases is challenging [179].
The 2-D cell assays can be used to evaluate the potency, selectivity, identifying
the mode of action of drugs, the effect of cocktailing several drugs or studying
the drug resistance analyses. However, it is challenging to extract comprehensive
information on cell responses to a potential therapeutic agent. The developed
simultaneous fluorescence/impedance spectroscopy setup can be used as a
platform for screening the effect of potential therapeutic molecules. The system
can be employed to find the efficient dose of drugs and the duration that they
should be exposed to cells. Most of commercially available therapeutic
compounds target GPCRs as the pathway to influence the cellular behavior. The
activation of GPCRS, activate different intracellular events detectable using
fluorescence microscopy such as change in secondary messengers Ca?* and
CAMP. In addition, it cause alteration in cell adhesion and morphology that can
be detected using impedance spectroscopy. In this study, the effect of a new
prodrug, PXS64 on primary human cells was examined (Chapter 6). To extend
the application of the system as a platform for drug testing, one of the important
requirements is that the influences of many different drugs on various cells have

to be examined.

7.2.4 Increasing the optical resolution of microscopy images on
interdigitated ITO electrodes

In the present project, the quality of phase contrast images (Chapter 5) was
compromised by the thickness of the slides (Figure 7-1). The current design is
superior as a big counter, and a reference electrode have been printed on the

surfaces. Moreover, the area of the electrochemically active part of the electrode
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is defined due to coating the electrode with an insulating membrane. However,
the current resolution of phase contrast images can be enhanced by improving the
design and fabrication methods of interdigitated ITO electrodes, e.g. decreasing
the total thickness of the underlying quartz substrate. The quality of the optical
images on plain ITO has been shown to be high. Various lithography [311] and
non-lithography [312] methods can be employed to fabricate interdigitated ITO
electrodes with the capability of capturing high quality transmitted light

microscopy images.
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Figure 7-1. Commercial interdigitated 1TO electrodes. The thickness of the quartz

substrates can be decreased by fabricating more thin electrodes.
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