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ABSTRACT

Fabrication of a Microfluidic Platform For Impedance Analysis of
Cultured Endothelial Cell Monolayers

Stuart J. Williams

August 9™, 2005

Assessing the functionality of the endothelium can provide insight into the
initiation and formation of arterial diseases. One of the most important functions of the
endothelial layer is its permeability. The integrity of the cell monolayer and its ability to
transport molecules can be assessed in vitro by investigating the electrical impedance.

In this study, a microfluidic platform was created using an electrode-patterned
glass substrate and microfluidic poly(dimethyl siloxane) (PDMS) substrate. The
electrode glass base of the structure was fabricated with platinum square electrodes of
various sizes ranging from 10x10 um?” to 160x160 um?” and a larger, common counter
electrode. Master microfluidic molds for PDMS casting were created by micro-milling
Lexan® and photolithographically patterning SU-8. The microfluidic PDMS substrates
reversibly and conformally bonded to the glass-electrode substrate. The microfluidic
platforms were characterized by loading the microchannels with cell growth media alone,

cell growth media and fibronectin, and cell growth media, fibronectin and human



umbilical vein endothelial cells and obtaining impedance spectra. The experiments were
performed under both no flow and flow conditions.

Fibronectin did not significantly alter the collected impedance spectrum compared
to media alone under no flow conditions. Under no flow conditions, impedance spectra
measurements were able to detect the presence of cultured cells on the electrodes. The
presence of fibronectin and various tested flow rates did not alter the impedance spectrum
compared to media alone under static conditions. After further investigations, the
microfluidic platform will become a versatile means of characterizing endothelial cell

layer behavior.
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CHAPTER 1

INTRODUCTION

A. Background

In the last half century, investigations have been conducted to better understand
the role of cardiovascular disease. As a result, death rates from cardiovascular disease
have declined and American’s are living longer, healthier lives. However, cardiovascular
disease continues to be the leading cause of morbidity and mortality in the United States.
Coronary heart disease, congestive heart failure, stroke, hypertension, and arterial
diseases are just a few of the leading types of cardiovascular disease, claiming more than
900 thousand lives in 2001 (Morbidity and Mortality: 2004 Chart Book). A number of
investigators have theorized that transport across the endothelium is the primary cause of
cardiovascular disease (Davies 1989, Grander 1986, Ross 1993). Thus, the role of
endothelium permeability has been investigated in the function of cardiovascular
diseases.

The endothelium is a confluent layer of flattened endothelial cells that line
arteries, veins, and capillaries. This monolayer provides a multifunctional interface
between blood and the vessel wall. Common endothelial activities include intracellular
signaling, interaction between the surface and the underlying smooth muscle layer, and

the exchange of molecular substances (Davies 1989, Grander 1986, Ross 1993). One of



the most important ways to characterize the endothelial cell monolayer is by investigating
its barrier function, defined as the behavior of the transportation of molecules through the
cell monolayer.

The permeability of an endothelial cell monolayer is determined by the diffusion
of molecules through the individual cells themselves or between their clefts.
Investigations of intracellular junctions were used to describe the access of medium to the
underlying layers. This characteristic of the barrier function is important for the study of
cardiovascular diseases when foreign substances diffuse through the endothelium. A
number of factors affect the permeability of the endothelium, including shear induced
forces from blood flow. A number of methods have been developed to investigate the
behavior of the permeability of a cell monolayer (DePaola 1994, Gojova 2005, James
1995, Jo 1991, Takahashi 1997, Traub 1998). Unlike these methods, which can take an
extended period of time to obtain results, electrical measurement techniques to analyze
the cell monolayer provide “real time” data collection for barrier function
characterization.

Initial endothelial electrical measurement techniques investigated cells cultured
on permeable, filtered dishes (Cereijido 1978, Erben 1995, Hein 1992). The measured
resistances across the cultured filter were directly related to the transcellular permeability
of the endothelial cell layer, as lower resistance values were associated with more
permeable monolayers. This technique would later be adapted to cell-culture well plates
with gold electrodes (Giaever 1991, Keese 2002, Janshoff 1996, Wegener 1996, Wegener

2000, Seebach 2000). Experiments in a static environment were valid techniques but did



not provide physiologically relevant information since the cells were not exposed to fluid
shear stress.

Two types of transendothelial electrical resistance apparatii were developed to
investigate endothelial cells under applied fluid shear (DePaola 2001, Seebach 2000).
The method developed by Seebach, et al. (2000) incorporated an applied shear force
using a cone-and-plate device, whereby the plate contained the cultured cells and
electrodes. An impedance analyzer recorded the transendothelial resistance, which was
incorporated in a mathematical model to characterize the barrier function across the
endothelial lining. Though the mathematical model is a sensible method of describing
monolayer permeability, the cone-and-plate apparatus is not a reliable system and does
not mimic physiological flow conditions. DePaola, et al. (2001) integrated an impedance
system, called Electrical Cell Impedance Sensing (ECIS) (Giaever 1984, 1991, Keese
1990, 2002), into a parallel plate flow device. A major disadvantage of the ECIS analysis
system is that it collects data at a predetermined frequency. A frequency spectrum of the
measured impedance is needed to apply a comprehensive model describing the barrier
function. Although both of these systems are viable, none of them are capable of

determining endothelial cell permeability under physiological flow conditions.

B. Purpose of Study

The purpose of this study is to develop a microfluidic platform that uses
impedance spectrum analysis to determine the permeability of cultured endothelial

monolayers.



C. Significance of Study

The impedance analysis of a cultured endothelial monolayer directly gives insight
to its behavior, including the permeability of the endothelial cells (Giaever 1984, 1991,
Janshoff 1996, Keese 1990, 2002, Wegener 1996, 2000). Endothelium permeability is an
important characteristic associated with the initiation and progression of some
cardiovascular diseases (Davies 1989). The method of electrical analysis is advantageous
over other permeability characterization studies since this method offers a “real-time”
data collection and analysis of the monolayer. The proposed platform can also expose
cultured cells to applied shear stress under fluid flow, which more closely mimics
physiological conditions. Though impedance analysis studies of endothelial cells under
induced shear have been developed by other authors (DePaola 2001, Seebach 2000), this
study is the first microfabricated platform to incorporate continual flow conditions.
Additionally, the measuring electrodes vary in size in order to analyze local

inhomogeneities in cultured endothelial cells.



CHAPTER 2

LITERATURE REVIEW

A. The Endothelium

1. Anatomy of the Blood Vessel

The endothelium is a single layer of flattened, confluent cells that line all arteries
and veins, including capillaries. Endothelial cell monolayers are the innermost layer of
arteries and are in direct contact with blood. The endothelium is the innermost layer of
the tunica intima, one of three main layers of an artery (Langley 1974). The monolayer
rests on a layer of tissue connecting it to the underlying elastic membrane (Langley
1974). The next layer is the tunica media, composing of smooth muscle cells and
connective tissue. The third, outermost layer is the tunica adventitia that consists mostly
of loose collagen fibers (Langley 1974). By understanding the function of the
endothelium and its interaction with the underlying layers the relationship between the

formation of arterial disease and endothelial cell monolayer behavior can be understood.

2. Endothelium Function

The monolayer of endothelial cells provides a functional barrier between the
blood and the underlying blood vessel layers. The endothelium is able to alter the arterial

geometry, thus controlling aspects of fluid flow through the vessel. The monolayer



regulates molecular transport through the endothelium to the subendothelium. These
functions are executed through a complex process of biological/biochemical signals sent
by the endothelial cells in response to their environment.

Endothelial cells have the ability to control vascular tone with the production of
vasodilators or vasoconstrictors. Types of vasodilators include nitric oxide, which causes
smooth muscles cells to contract or relax and prostacyclin which is released by
endothelial cells prevents platelet formation and blood clotting (Verrier, 1996).
Vasoconstrictors such as endothelin-1, leukotrienes, and angiotensin II narrow the lumen
of blood vessels. Through the production of vasodilators and vasoconstrictors, the
endothelial cells control the diameter of the vessel; however, they also control solute
interaction across the monolayer itself.

The endothelium is a regulator that mediates the molecular flux between the
vessel wall and flowing blood. This permeability function is the most important
characteristic of the monolayer. Substances are transported into the subendothelium by
permeating through the intercellular junctions (paracellular) or through the cells
themselves (transcellular).

Paracellular transport is characterized by the passage of molecules through a
number of intercellular junctions. The four main types of intercellular junctions are tight
junctions, adherens junctions, gap junctions, and desmosomes (Furuse 1993). Tight
junctions prevent the passage of molecules and ions through the intercellular clefts, while
adherens junctions provide strong mechanical attachment between cells. Gap junctions,
on the other hand, are intercellular channels that provide passage of ions and molecules

from cell-to-cell and desmosomes tightly join adjacent cells.



Transcellular transport describes the passage of ions and molecules through the
cell itself by passing through the lipid bilayers to the subendothelium layers. The
movement of ions through the cell membrane is determined by the size of the ion, its
solubility in lipids, its size, and the concentration gradient (Langley 1974).
Characteristics of the paracellular and transcellular behavior under different
environments provide insight into the permeability function of the endothelium.

In addition, the endothelium controls other circulatory processes including blood
coagulation, growth of underlying smooth muscle cells, white blood cell adhesion,
transmigration, and lipoprotein uptake (Traub 1998). Thus, it is important to characterize
the monolayer’s ability to control and regulate the diffusion of molecules, proteins, and
other nutrients into the underlying layers of the artery in order to better understand the
initiation and development of cardiovascular disease. In addition to chemical and
biological regulation, the endothelium has been found to be highly responsive to
mechanical forces which have been identified to potential initiators of cardiovascular

disease (Davies 1988, Gojova 2005, Jo 1991, Keynton 2001, Phelps 2000, Traub 1998).

3. Applied Mechanical Forces on Endothelium

Throughout the circulatory system, the flow of blood subjects endothelial cells to
two mechanical forces: a normal pressure force and a tangential shear force. The
pressurized, pulsating nature of blood exerts a force on the vessel wall, causing the
arteries to expand and contract. The vessel wall cushions most of this normal force;
however, the endothelial cells absorb all of the shear force (Davies 1988). The tangential

shear force is generated from the viscous flowing fluid through the arteries. Typically,



blood flow is laminar in vessels, but turbulence can occur in regions of stenosis or at sites
of flow separation, (Davies 1989).

This applied shear force is directly related to the regulation of monolayer
functionality, cell morphology, and motility (DePaola 2001). These mechanical forces
alter endothelial permeability by modifying the responsive biochemical signaling
pathway in endothelial cells. These signaling changes affect the endothelium’s function
on both the cellular and molecular levels leading to rapid responses in the underlying
tissue (Davies 1993). Furthermore, endothelial cells exposed to shear will rearrange their
orientation to align with the direction of flow and elongate. The final shape of the
endothelial cell is dependent on the microfilament structure of the cell and its rigidity
under shear (Davies 1993, Gray 2002, Levesque 1986, Malek 1996). Permeability
between the cell-to-cell junctions in the monolayer is directly related to this
morphological adaption to shear stress (Seebach 2000). The monolayer’s reaction to
hemodynamic forces is reversible as well as shear and time dependent (Davies 1989, Jo

2001).

B. Endothelial Function Characterization

A number of investigators have studied the effect of disturbed flow and/or applied
shear on endothelial cell behavior (DePaola 1994, DePaola 2000, Gojova 2005, James
1995, Jo 1991, Phelps 2000, Seebach 2000, Takahashi 1997, Traub 1998). The function

of the monolayer has been monitored by either chemical or electrical methods. Before



these investigations can be explained, it is important to understand the background

behind the electrical techniques to describe the endothelial monolayer.

1. Transendothelial Electrical Resistance

The implementation of measured electrical resistances to characterize the
behavior of cultured biological substances is not an uncommon practice. For example,
transendothelial resistance (TER) provides insight into endothelium permeability. One
common method of TER testing requires cells to be cultured on permeable filters, which
divide the apparatus into two compartments (Cereijido 1978, Erben 1995, Hein 1992).
Resistance measurements are recorded using a series of probes that provide a simple and
direct method for real-time data collection and behavior analysis. One pair of electrodes
is used to apply a DC voltage across the insert while a second pair detects the
corresponding voltage drop. Ohm’s Law is used to determine the resistance across the
filter using the resistance across an uncultured container as a correction factor.

Another methodology utilizes impedance analysis of an AC signal across a series
of coplanar electrodes fabricated on a base substrate with cultured cells (Giaever 1991,
Keese 2002, Janshoff 1996, Wegener 1996, Wegener 2000, Seebach 2000). The AC
signal is sent across the electrodes and the impedance spectrum is recorded. This
impedance verses frequency spectra is used to determine TER measurements as well as
other parameters. The mathematical model used to determine these parameters is
described in the next section below. The TER values describe the transcellular
permeability of the cultured EC monolayer per unit area of covered electrode. Typical

values of TER range from 3 ohm-cm” to 1000 ohm-cm? (Seebach 2000). Additionally,



TER can be monitored over a period of time to characterize cell motility and cell shape
over a defined period (Giaever 1991, Keese 2002, Seebach 2000). However, a limitation
to this technique is that a mathematical model for the electrical analysis of endothelial

cell behavior is needed to perform offline calculations to quantify permeability.

2. Modeling of Measuring Electrodes

The most simplified electrical model that fully describes the characteristics of a
cultured cell layer on an electrode using the minimum number of parameters is shown in
Figure 1 (Janshoff 1996, Wegener 1996). The capacitor and resistor in parallel
characterize or model the behavior of the cultured cell layer, while the resistor and
capacitor in series deal with the interaction of the electrode to the electrolytic medium.
Receil 1ayer represents the transendothelial resistance describing the passage of molecules
through the junctions between the cells. Ceejs 14e- Symbolizes the behavior of transcellular
activity through the cytoplasm of the cell itself; this transcellular path is close to 1 uF/cm?
for most cell types (Seebach 2000). Ionic solutions, like cell culture medium, form an
electrical boundary layer at the interface between the measuring electrode surface and the
liquid. Cg describes the dielectric properties of this interface and the interaction between
the medium and the electrode. Last, R,eqim describes the conductivity of the cell culture
medium. Note, the measured values of Ceess jayer and Reeir 1ayer are interpreted as an average

value of the cells resting on the surface area of the electrode.
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Figure 1. Electrical model used for impedance analysis of cultured monolayers.

Parameters of the model are derived from impedance spectra obtained from the
input of a low-peak (< 0.5V) AC signal. The range of frequencies for analysis varies but
is typically within 1Hz to 1 MHz; the presence of cultured cells noticeably changes the
spectrum at 100 Hz to 100 kHz (Janshoff 1996). The impedance spectra collected is
inputted into a mathematical model and the variables are determined. Deviations of the
model from the experimental data, at points below 1 kHz, may be attributed to the
simplified treatment of the electrode/electrolyte interface as an ideal capacitor in series
with the bulk conductivity (Janshoff 1996).

The measured electrical impedance of the endothelium is dependent on the input
frequency and size of the measuring electrodes. Coplanar electrode analysis of cultured
cells has been integrated in the systems of Wegener, et al (1996), Janshoff, et al (1996)
and the Electric Cell-Substrate Impedance Sensing (ECIS) system developed by Giaever
and Keese (Giaever 1984, 1991, Keese 1990, 2002). Due to the very large size of the
counter electrode compared to the smaller, working electrodes the overall impedance of
the system is dominated by the small electrodes, even if the larger electrode is covered
with cells (Greve 2003). The cell layer cultured on top of the measuring electrodes needs

to be confluent in order to monitor accurate impedance behavior. Larger intercellular
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gaps will influence the impedance spectra, but if the electrodes are uncovered the model
is less accurate at predicting the electrical properties (Seebach 2000).

In previous work investigating this electrical analysis technique, the measuring
electrodes were substantially larger than the cells they were measuring. Although large
measuring electrodes interrogate the mean behavior of a cluster of cells, smaller
electrodes provide insight into local cell/monolayer inhomogeneities. Greve, et al. (2003)
produced a finite element model depicting the behavior of cells grown on small
measuring electrodes. As cellular impedance analysis reaches a smaller scale,
considerations for changing the model depicted in Figure 1 must be made in order to
accommodate for more precise analysis of cellular characteristics previously ignored,

such as focal adhesion sites.

3. Existing Electrical Systems

Two types of systems for impedance analysis of cell monolayers have been
developed. The first is the Electronic Cell-Substrate Impedance Sensing (ECIS) system
(Giaever 1984, Keese 1990, Giaever 1991) that monitors the behavior of cells at one
defined frequency. The second type of system scans over a range of frequencies for
impedance analysis (Janshoff 1996, Wegener 1996).

ECIS used one defined frequency (40 kHz) for rapid observation of impedance
fluctuations due to cell motility. The investigated culture was grown in well plates that
have one gold electrode of 250 um in diameter and a larger, counter electrode in a
coplanar arrangement. One of the well plates was uncultured, which was used to

normalize the measured results in the other cultured wells. Impedance measurements
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were taken with a lock-in amplifier and data was acquired and processed using a personal
computer. By assuming the shape of cultured cells as a flat, circular disc, ECIS
techniques can determine morphological parameters including the barrier function,
spacing between the cell and the substrate, and cell membrane capacitance.

The other impedance analysis systems (Wegener 1996, Janshoff 1996) were used
for the investigation of cultured endothelial cell layers. Electrodes of various sizes were
fabricated on the culturing well base using gold films and an impedance analyzer is
utilized to sweep through a range of frequencies. The measured values are fit to the
model described in Figure 1 using least-squares methods. The disadvantage of these
systems, compared to ECIS, is the frequency sweep data collection takes longer, i.e. from

seconds to minutes, depending on the number of points and precision.

C. Shear Stress Investigations

Disturbed laminar flow occurs physiologically at sites of sharp curvature, abrupt
narrowing and branching of blood flow. At junctions of redirected flow there exists
complex flow patterns including regions of relatively high shear, stagnation (zero shear),
and low shear varying with the cardiac cycle, resulting in reverse flow (Davies 1988,
Keynton 1991). There have been a number of in vitro investigations that examined the
endothelial cells’ response to applied shear in an attempt to analyze these regions of
disturbed flow (DePaola 1994, 2000, Gojova 2005, James 1995, Jo 1991, Phelps 2000,

Seebach 2000, Takahashi 1997, Traub 1998).
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The most commonly used devices for investigating, in vitro, the effects of applied
shear stress on the endothelial monolayer are parallel plate flow systems (DePaola 1994,
2000, Phelps 2000) and cone-and-plate systems (DePaola 1994, Seebach 2000). Parallel
plate flow devices consist of plates arranged in parallel with a top plate being a glass
substrate for culturing cells and a bottom substrate which contains the measuring
electrodes. The gap between the two plates is small (< 1 mm) in order to produce a
laminar, fully developed, two-dimensional flow. Shear forces of cone-and-plate systems
are determined by the rotational velocity of the cone, the viscosity of the medium, and the
angle between the cone and stationary plate (Davies 1988). The applied shear stress
investigations are generally used to determine the relationship between hemodynamic
forces, the endothelial layer, and the initiation of arterial disease.

Arterial vessel wall diseases have been linked to damaged or altered endothelium
due to the effects of altered flow (Davies 1988, Satcher 1994). Erratic shear stress and
disturbed flow hinder barrier function, which alters the permeability of molecules and
thus, changes the intercellular signaling (Jo 1991, Phelps 2000). In some cases,
endothelial cells do not reorient themselves to the direction of flow due to the disturbance

(Traub 1998).

1. Shear Stress Analysis of Endothelial Cells

There are methods, other than electrical analysis, to determine and monitor the
activities of endothelial monolayers under induced shear. Jo, et al. (1991) demonstrated
that albumin permeability across the endothelial monolayer is acutely sensitive to shear

stress. They subjected bovine aortic endothelial cells grown on polycarbonate filters to
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shear stresses of 1 dyne/cm? and 10 dyne/cm®. Albuminal levels increased by a factor of
approximately 4 and 10 for lower and higher shear stresses, respectively, compared to
static flow conditions.

James, et al. (1995) characterized the effect of shear on bovine aortic endothelial
cell intracellular calcium transport. A shear rate of 15 dyne/cm” was applied to the cells
through a confocal cell chamber constructed from polycarbonate. Fluorescence
microscopy sensitive to intracellular calcium was used to analyze the cultured endothelial
cells. They found that the cells responded to elevated shear levels by increasing
intracellular calcium levels.

DePaola, et al. (1994) monitored the effects of shear stress gradients on bovine
aortic endothelial cells in both a cone-and-plate system and a parallel plate flow chamber.
Flow separation and disturbance was created by placing a rectangular strip in the system.
DNA synthesis associated with cell proliferation was monitored by in situ monoclonal
antibody detection of Bromodeoxyuridine (BrdU) incorporation. Their results showed
that the cell proliferation rate was significantly reduced (only 8-10% of the cells in the
disturbed region showed BrdU incorporation compared to 25% of the cells exposed to
flow alone) in disturbed flows with shear gradients of 300dynes/cm*-cm.

Takahashi, et al. (1997) studied the mechanisms that induce endothelial cell shear
stress response and signaling. They studied various signaling responses of bovine aortic
endothelial cells to induced shear including the production of nitric oxide, activation of
extracellular-regulated kinases, and tyrosine phosphorylation of focal adhesion kinase.
These signaling events in endothelial cells were described as a string of temporary and

mechanically distinct events. However, they determined that a more extensive
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investigation is needed to compare these results with those induced by other stimuli
besides mechanical forces, such as cytokines, growth factors, and hormones.

Traub, et al. (1998) examined data and reviewed investigations that involved
stimulation of cellular responses via applied laminar shear stress that are crucial to
endothelial cell function and atheroprotective. Coagulation, leukocyte adhesion,
migration and proliferation, lipoproteins, endothelial cell survival and other
characteristics of the endothelium were reviewed in correlation with past shear
investigations. They determined that shear stress influences many of the processes
relevant to the development of the atherosclerotic lesion. Additionally, they stated it is
unlikely that fluid forces are the sole positive or negative atherogenic stimuli.

Gojova, et al. (2005) visually monitored the wound healing of bovine aortic
endothelial cells cultured in parallel plate flow chambers subjected to shear levels of 3 to
19 dyne/cm®. Image analysis was used to quantify the cellular response. The presence of
shear decreased the rate of cellular spreading and wound closure compared to static
conditions. Additionally, the presence of exogenous cholesterol significantly slowed cell

migration.

2. Electrical Analysis of Endothel