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Abstract

In this thesis, a simple and versatile method is developed which enables detection of
nitric oxide (NO) released from vascular endothelial cells (ECs) cultured in microfluidic
structures. The new culturing system and NO measurement method allow cell shape to
be controlled in a non-invasive manner using microfluidic structures while NO release is
monitored for cell shape versus function studies. The culturing system consists of arrays
of polydimethylsiloxane (PDMS) fluidic channels 120 micrometers in depth and ranging
from 100 micrometers to 3 mm in width. The number of channels in each array is varied
to yield a constant cell culture surface area (75 mm?) independent of channel
width. The channel surfaces are collagen-coated and ECs are cultured to confluence
within the channels. A cell scraper is then used to scrape extraneous cells cultured
between channels, and NO measurements are made 18 to 24 hours later. A
chemiluminescence-based sensor system (NOA 280i, Sievers NO Analyzer) is utilized to
measure sample NO. Initial results indicate that NO concentrations can be measured
from different microfluidic channel-containing samples using this method. Initial results
suggest that there is no significant difference in NO concentration derived from channels
of different widths even though the degree of cell elongation varies due to physical
constraint by microfluidic channel walls. Cells treated with TNFa appear more elongated
and release slightly more NO than untreated cells in fluidic channels; however, the
ANOVA test indicates that this difference may not be significant for both microfluidic

channels or fluidic channels and forms a basis for further study.

Keywords: endothelial cells, atherosclerosis, microfluidics, nitric oxide sensors, cell
function, cell shape
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Chapter 1.
Introduction

Microfluidics is the science of design and fabrication of devices that concern
extremely small volumes of fluids, using structures (e.g., microfluidic channels,
chambers, sensors) whose sizes are most easily measured in micrometers. The advent
of new microfabrication techniques and materials has enhanced the performance of
these microfluidic systems in biological research remarkably [1,2]. One important area in
which microfluidics has had an enormous impact is the area of cell biology, offering new
methods and instrumentation allowing study of single cells and groups of cells employing

microfluidic channel-based devices [3,4,5].

One important application of microfluidics has been in the area of vascular
science, which combines results from molecular and cell biology with in vitro models of
blood vessels [6] and in vivo tests to bring development in vascular diseases treatment
through study of the vascular endothelium. The vascular endothelium is the layer of
Endothelial Cells (ECs) lining the inner surface of all blood vessels in the body.
Dysfunction of the vascular endothelium is an important factor in major diseases such as
atherosclerosis. ECs play an important role in vascular function through the release of
various gases, ions, and compounds [7]. Nitric oxide (NO) is one of the gases released
from ECs, which is proposed as one of the most important regulators of EC function [8].
It is established that the endothelium-derived relaxing factor, NO, is responsible for
various physiological effects such as smooth muscle relaxation, non-specific immune
response, modulation in neurotransmission, and inhibition of platelet activation,
aggregation and adhesion [9]. The reduction in NO release is known as a major
mechanism of EC dysfunction and may result in atherosclerosis [10]. Therefore, studying

EC function and the factors that affect NO release is of interest to vascular researchers;



vascular function can be monitored in part through the endothelium’s release of Nitric
Oxide (NO).

Microfluidics offers new methods allowing study of ECs employing microfluidic-
channel based devices [6]. Many studies have suggested that cell morphology may
regulate the function of various cell types including ECs [11]. Furthermore, the shape of
ECs can be altered via microfluidic channels or other microstructures, which may also
have an effect on EC function. Microfluidic instrumentation has been previously used to
study the shape versus function of vascular ECs grown in elongated shapes in
microfluidic channels under both flow and no flow conditions [12,13,14]. ECs thus
elongated may have a very different functional response from ECs whose elongation is
induced using other methods such as flow-based shear stress [15,16], preferential
attachment using patterned surface structures [17,18,19], or using chemical compounds
[20]. Indeed, physical methods of cell shape control, such as using grooved surfaces or
microfluidic channel confinement, have been suggested as powerful methods to non-
invasively control EC shape for shape versus function studies [12,21,22]. One method to
non-invasively control EC elongation for shape versus function studies is to culture ECs
in microfluidic channels of different widths, resulting in greater cell elongation in
microfluidic channels of smaller width [12]. However, EC shape and NO release are not
often studied simultaneously. Thus, there is need to develop versatile instrumentation in
order to understand the relationship between EC shape, function and NO release in

order to provide invaluable insights into arterial disease mechanisms.

The main objective of this thesis is to design a simple, versatile, accurate method
to measure the small NO concentrations produced from ECs cultured in small fluidic
channels in response to mechanical or chemical stimuli, which provides the capability for
a range of morphological and functional studies within microfluidic-based systems. In
order to study the relationship between EC shape and the amount of NO released, a
proof-of-concept microfluidic system is designed, fabricated, and tested in this thesis that
successfully measures the small NO concentrations produced from ECs cultured in
microfluidic channels of different widths under no flow conditions. This system consists
of four arrays of microfluidic channels, which are designed to have the same culturing

surface area with equal length and different widths in order to have approximately the



same number of cultured cells. The presented method is highly versatile since it does
not involve integrated NO sensors and can be performed on virtually any microfluidic
channel geometry after cell culture and confluence. It is very simple in terms of both
microinstrumentation design and measurement method. It employs the NOA 280i
Sievers NO Analyzer, which offers one of the most accurate and versatile detection
systems for NO analysis and is considered to be the best method for NO detection by
researchers worldwide [23,24]. Furthermore, the fabricated microfluidic system design
has the capability of being altered to a flow-through system to study ECs under flow in

future.

In summary this work presented in this thesis makes the following contributions

to the field of microfluidics-based endothelial cell shape versus function studies:

1. A novel method is developed to successfully measure the small concentrations

of NO released from ECs cultured in microfluidic channels.

2. A novel method is developed which enables the comparison of the NO
concentrations produced from ECs cultured in microfluidic channels of different widths,

which provides the capability for a range of morphological and functional studies of ECs.

3. A cell-scraping technique is developed solely for this thesis to ensure that the
measurements and comparisons were performed on approximately the same number of

cells, and for cells grown exclusively inside the channels.

4. The versatility of the system is investigated to show that multiple stimulants
(e.g., microfluidic channel confinement and chemical stimulation) could be acted on the

cells simultaneously.

The organization of this thesis is as follows: Chapter 2 gives general background
for the thesis including ECs, atherosclerosis, and previous applications of microfluidics
for NO measurements from cultured ECs. Chapter 3 covers the general design and
fabrication of fluidic and microfluidic channels; experimental methods including culturing
of ECs and NO measurement methods that were developed in order to use the

chemiluminescence sensor; and experimental results on a single fluidic and single



microfluidic channel that establish the method’s capabilities to measure NO produced by
ECs in fluidic channels of different sizes. Chapter 4 covers the design and fabrication of
a microfluidic system to measure NO in response to microfluidic channel confinement,
along with the experimental methods and results using fluidic and microfluidic channels
of different widths. Chapter 5 shows the experimental methods and results of NO
measurement from ECs cultured in the microfluidic system in response to chemical

stimuli. Finally, proposed future work and conclusions are discussed in Chapter 6 and 7.



Chapter 2.
Background and Motivation

This chapter covers a brief background of atherosclerosis disease and the
importance of ECs and NO release in the vascular system. In addition, the applications
of microfluidics in vascular research and a variety of NO sensing techniques used to

detect NO production by ECs in response to stimuli, are introduced.

2.1. Endothelium and Atherosclerosis

Cardiovascular disease (CVD) is known as the most frequent cause of death in
modern industrialized countries. For example, it causes 4.35 million deaths each year in
Europe, and 35% of deaths in the United Kingdom [25]. In 2008 CVD accounted for 29%
of all deaths in Canada [26].The main forms of CVD are coronary heart disease (CHD)
and stroke. Atherosclerosis is the pathology that underlies CHD, which can be defined
as a focal, inflammatory fibro-proliferative response to multiple forms of endothelial injury
[25]. Atherosclerosis is the arterial disease in which an artery wall thickens, thereby
causing focal plaques that restrict blood flow. Further dysfunction and damage of
vascular cells may result in plaque rupture, which occludes blood flow to downstream
tissues and is the main cause of myocardial infarction. This arterial disease is the
leading cause of mortality in the western world [11]. Its dysfunction may also be related

to stroke.

The endothelium is a monolayer of ECs which constitutes the inner cellular lining
of the blood vessels (arteries, veins and capillaries) and the lymphatic system. Thus, the
endothelium is in direct contact with the blood/lymph and circulating cells. The term
“‘endothelium” was first introduced in 1865 by the Swiss anatomist, Wilhelm His [27]. The

endothelial monolayer is recognized to be a predominant player in the control of blood



fluidity, platelet aggregation and vascular tone. EC shape varies across the vascular
system, but they are generally thin and slightly elongated. Their dimension is about 50—
70 um long, 10-30 uym wide and 0.1-10 um thick [28]. ECs are orientated along the axis
of the vessel in the blood vessel wall so as to minimize the shear stress forces exerted
by the flowing blood in vivo [29,30,16] and in vitro [31,32,33]. It has been shown that
early atherosclerotic lesions develop preferentially in arterial regions where ECs are
cuboidal, which means that they are not elongated and have a more rounded shape.
Arterial regions with elongated ECs are largely resistant to the development of
atherosclerosis [12]. However, the basis of the correlation remains unknown despite

large efforts of researchers to determine the nature of the relation.

The endothelium plays an important role in vascular function through the release
of soluble factors [7]. One of the most important factors released by ECs is nitric oxide
(NO) [8]. NO is a free radical that reacts quickly with superoxide anions to form
peroxynitrite, or is rapidly inactivated by oxyhemoglobin to form nitrate and
methemoglobin. As a result, it has an in vivo half-life in tissues and physiological fluids of
only a few seconds, which presents a considerable technical challenge to performing
direct measurements [7,34,35,36,37]. Reduction in NO released from ECs has been
proposed as a major mechanism of EC dysfunction and may result in atherosclerosis
[10].

2.2. Applications of Microfluidics to Endothelial Cell
Research

The effect of flow on EC phenotype (shape and orientation) and activation state
has been studied for many decades [38]. Recently, microfluidic systems have been
investigated as an alternative to many conventional macroscopic tools to study the
biological characteristics of ECs that were not previously amenable to study [39].
Microfluidic technology has enabled studies of cell behaviours with precise and localized
application of experimental conditions unreachable using macroscopic tools. Control of
EC elongation has been previously done under flow or without flow using a number of
different strategies. The methods of controlling EC elongation using microfluidics are

divided to three main groups as described below:

6



1. Forcing the cells to grow in channels of a specified geometry:

Non-invasive shape control and functional studies of ECs have been done in vitro
using microfluidic devices with varying channel widths within which ECs are cultured.
The varying channel widths in these devices induce different degrees of EC elongation
[12], yet also provide easy imaging of cell monolayers These designs have been
developed using a number of different materials to realize the microfluidic channels, and
include silicon-on-glass [12] or SU-8-on-glass [40] microfluidic channel platforms that
allowed for a wide range of EC functional studies. Such studies include image analysis
of EC shape and alignment in microfluidic channels under flow and static conditions, as
well as detection of cytoskeletal arrangement via staining and electrical activity
monitoring via patch clamping of ECs exhibiting different degrees of microfluidic
channel-induced elongation. Figure 2.1 shows photographs of EC monolayers cultured
in collagen-coated microfluidic channels of different widths under static (no flow)
conditions to non-invasively control EC elongation [12]. As can be seen in the picture,
the different degrees of elongation can be seen from the cells cultured in plain plastic
slide, 215 ym, 105 ym, 75 uym, and 65 um microfluidic channels. The extent of cellular
elongation in the microfluidic channels was previously quantified by determining the
shape index (Sl), which is a dimensionless measure of cell roundness [12]. Figure 2.2
shows the change in S| of ECs cultured in microfluidic channels with width from 25 to
225 pm [12]. As can be seen, a significant elongation is shown in channels with width of

less than 200 um.



Figure 2.1

Plain Plastic

Photographs of ECs, demonstrating increasing elongation with
decreasing microfluidic channel width: cells cultured on a (a) plain
plastic slide; (b) 215-um-wide microfluidic channel; (c) 105-pm-wide
microfluidic channel; (d) 75-um-wide microfluidic channel; and (e)
65-pym-wide microfluidic channel [12] (used with permission from
Springer with license number 3402690271719 )



A,

@t
L]
* b
0 . &
: t
. . i
7 *
X
8 il 4 .
c .
> *
o Y
=1 .
o 0.4
7 3
i e
| 1 '?‘
02 :
0 25 50 75 100 125 150 175 00 225 250

Channel width (um)

Figure 2.2 Shape index (Sl) for ECs cultured in microfluidic channels as a
function of microfluidic channel width [12]

Most of the fabricated microfluidic channels employed to study ECs have
rectangular cross-sections [12,40], which do not replicate the circular cross-sections of
blood vessels. However, an approach for the fabrication of microfluidic channels with
circular cross-sections in polydimethylsiloxane (PDMS), using soft lithography [41], was
also presented by a group of researchers who demonstrated the capability to grow
endothelial cells on the inner surface of the microfluidic channels with circular cross-
sections [42]. However, it should be noted that often rectangular cross-sectional
microfluidic channels are chosen instead of circular cross-sectional channels due to the

easier imaging of cells grown in such channels with flat surfaces.

2. Applying a controlled shear stress:

The mechanoresponse of ECs has been studied in vitro by subjecting ECs to
shear stress in microfluidic devices. The EC monolayer's mechanoresponse, which is
the biological response to mechanical stimuli, is proposed as a key factor in preventing

atherosclerosis [6]. ECs line the inner lumen of blood vessels and so they are



continuously subjected to hemodynamic shear stress, which is known to modify EC
morphology and biological activity. Therefore, most of the applications of microfluidics to
the study of ECs involve investigation of the biochemical and mechanical response of
individual ECs to different fluid dynamical conditions. Below are listed many examples of

the applications of microfluidic devices in EC mechanoresponse research.

A multi-shear stress microfluidic device was introduced by a group of researchers
which enabled the simultaneous evaluation of 10 different shear stresses ranging over
two orders of magnitude to study EC mechanics and the influence of shear stress on EC
morphology [43]. In a different study, Rossi, et. al., fabricated a microfluidic flow
chamber with a tapered geometry that created a pre-defined, homogeneous shear stress
gradient on the EC layer [44]. A micro particle image velocimetry (micro-PIV) method,
which is an optical method capable of measuring the velocity of fluid motion at
microscopic scale with a spatial resolution of individual velocity measurements up to the
sub-micrometer range, was used for the determination of the topography and shear
stress distribution over cells with sub-cellular resolution. Another group of researchers
described a self-contained microcirculatory EC culture system that efficiently studied the
effects of shear stress on EC alignment and elongation in vitro. The culture system was
composed of elastomeric microfluidic cell shearing chambers interfaced with computer-
controlled movement of piezoelectric pins. The microfluidic culture system was
integrated with microfluidic valves and pumps, which allowed one-step seeding of
multiple EC shearing compartments that could then be re-circulated simultaneously in

parallel but under different shear stress condition [45].

An integrated microfluidic cell culture chip was also presented in which ECs were
under static (no flow) conditions or exposed to a pulsatile and oscillatory shear stress
[46]. This microfluidic chip achieved multiple functions such as pulsatile and oscillatory
fluid circulation, cell trapping, and cell culture through the integration of a microgap
(interface between microchannels and microchambers in its design for cell trapping),
self-contained flow loop, pneumatic pumps, and valves. The microfluidic chip enabled
the study of the morphology and cytoskeleton of the ECs response to the pulsatile and
oscillatory shear stress. In another study, a microfluidic mimic of the twisted channels in

a modular tissue engineering construct enabled a detailed analysis of the effect of
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disturbed flow patterns on EC phenotype. To study the flow through the irregular
channels of a modular construct and to indicate its effect on the ECs that line them, a
model modular construct was reproduced in a microfluidic circuit. The microfluidic
system was used to create a “two-dimensional” mimic of the three dimensional flow in a

construct [47].

3. Biochemical methods:

Another group of investigators used a novel microfluidic system to generate
stable, spatially- and temporally- controlled gradients of the chemotactic factors vascular
endothelial growth factor A (VEGFA) and fibroblast growth factor 2 (FGF2) to study EC
migration in the context of angiogenesis [48]. An early and critical step in angiogenesis,
or new blood vessel formation, is the directed migration of ECs. The researchers
designed and fabricated a microfluidic device to examine the polarization and
chemotaxis of ECs in response to quantified gradients of vascular endothelial growth
factor (VEGF). The system was designed in a way to generate stable concentration
gradients of biomolecules in a cell culture chamber while minimizing the fluid shear
stress experienced by the cells [20]. EC migration is also an important process in the
repair of damaged tissue. Meer, et. al., presented a microfluidic wound-healing assay for
quantifying EC migration [49]. ECs were seeded in a 500-um-wide microfluidic channel
and a wound was generated in the cells’ monolayer after the cell monolayer became
confluent. Pictures of fixed positions in the wounds were taken every hour. The closing
of the wound over time was analyzed using NIH ImagedJ image analysis software and so

the ECs’ migration could be measured.

In addition to these examples, there are many other examples of microfluidic
devices that have been designed and fabricated to study EC biology and their relation to
atherosclerosis disease. However, it is important to note that none of these systems
were designed to measure NO production in microfluidic channels, or to facilitate
measurements in channels of varying widths and/or in the presence of chemical stimuli.
Thus, there remains a need for instrumentation that is designed to facilitate such studies;
in the next section, prior efforts to measure NO produced by ECs in microfluidic systems

is discussed.

11



2.3. NO Measurement from Endothelial Cells in Microfluidic
Systems

Microfluidic methods have been previously used to detect the production of NO
released from ECs in response to chemical or mechanical stimuli by applying a variety of
NO sensing techniques. These methods include integrated amperometric NO sensors,
fluorescence microscopy, and Western blot detection of endothelial NO synthase
(eNOS) expression, which correlates well with NO release [50,51,52,53,54]. In 2012,
Rotenberg, et. al., indirectly measured the NO production from ECs cultured in alginate
scaffolds within a micro-fabricated multi-shear perfusion bioreactor (MSPB) that were
subjected to different levels of shear stress [53]. Another group of researchers
investigated the effect of homocysteine on NO release in ECs cultured in conventional
culturing flasks [55]. Homocysteine is a thiol-containing amino acid and an independent
risk factor for coronary artery vascular diseases such as atherosclerososis [55]. The
effect of adenosine triphosphate (ATP) on NO production released from ECs cultured in
microfluidic channels has been also studied by many researchers [51,52]. These devices
enabled the detection of NO production, which was stimulated with ATP using
concentrations that are similar to in vivo levels of ATP in the microcirculation system
[52]. Letourneae, et. al., has also studied the effect of Esterogen estradiol on the NO

production by ECs using a three-dimensional microfluidic device [9].

While all of these systems have shown successful NO detection in microfluidic or
larger fluidic channels, these prior systems involved either complicated sensor
integration [50,51,54], indirect measurement of NO [53], or the use of equipment
requiring direct optical access to the microfluidic channel network, resulting in less
versatility due to the need for complicated or large-area fluidic channel networks [52].
Also, since many of these systems involved integrated sensors, the sensors are not
capable of being transferred to another microfluidic system or being used with any
microfluidic channel geometry after cell culture and moreover require much more
complicated microfabrication techniques needed to place the integrated sensors in the
system. Therefore, to provide more convenient measurement protocol, a simple,
versatile and less complicated method is developed in this thesis using a conventional

state-of-the-art sensor to measure the small NO concentrations produced from ECs
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cultured in small fluidic channels. Direct NO measurement is done in this system that
does not involve any complicated sensor integration, which makes it more versatile

compared to the prior systems.

Existing systems do provide the ability to study the effect of many mechanical
and chemical stimulants on NO production from ECs; such stimuli may include
mechanical (e.g., shear stress) or chemical (e.g., ATP) stimulation of EC monolayers.
However, the effect of microfluidic channel confinement on NO production has never
been studied in microfluidic devices, although such studies could provide invaluable
insights into atherosclerosis disease. The relationship between EC shape and NO
release has not previously been studied simultaneously in microfluidic devices, nor has a
method been previously developed whose goal is to provide a platform and

measurement protocol for such studies.

2.4. Motivation for New Tool Development

To provide a new tool for vascular researchers, a simple and versatile method is
developed in this thesis using a highly accurate sensor to measure the small NO
concentrations produced from ECs cultured in small fluidic channels in response to
mechanical and/or chemical stimuli. The presented method enables morphological and
functional studies of ECs cultured within microfluidic channels of varying widths and thus
enables the study of microfluidic channel confinement on NO production. Not having an
integrated sensor makes this method very versatile and so it is capable of being used
with any microfluidic channel geometry after cell culture. The method employs one of the
most widely used sensors for the measurement of NO: the ozone based
chemiluminescence method, which is highly sensitive with nanomolar detection limits
[56]. In addition, the system presented in this thesis features a simple microfabrication
process since there is no sensor integration and is very simple to use to obtain NO

measurements from EC monolayers.

The basic system consists of four arrays of microfluidic channels, which are
designed to have the same culturing surface area with equal length and different widths

in order to have approximately the same number of cultured cells so the system enables
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the study of the relationship between EC elongation and NO production from a similar
number of cells cultured in microfluidic channels of varying width. A culturing protocol is
developed such that frozen ECs are thawed in 37°C water and transferred to be seeded
in a flask; as cells reach confluency, they are trypsinized to be passaged (subcultured) in
a microfluidic channel array. After reaching confluency in the microfluidic channels, a
method employing a cell scraper is developed to scrape the cells grown between the
channels. A protocol for extracting NO-rich cell culture samples 24 hours later from the
microfluidic channels using a micropipette is developed. Samples are transferred into an
Ependorf safe-lock tube and then frozen until tested for NO concentration. Finally, an
ozone-chemiluminescence-based sensor system is employed to detect and measure the

amount of NO in samples and data is acquired with Liquid program.
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Chapter 3.

NO Measurement Released from ECs Cultured in
PDMS Microfluidic Channels

To ensure that the NO released from ECs cultured in PDMS microfluidic
channels could be detected using the chemiluminescence sensor, ECs were first
cultured on the surface of two differently sized single fluidic channels and a method to
measure their NO production developed before extending the method to a more
complicated multiple channel system. The design and fabrication of the fluidic channels,
methods developed to culture ECs within the channels, and methods to detect their NO
production, are discussed in detail in this chapter. The amount of NO released from ECs
cultured in the single fluidic and single microfluidic channels as measured by the
chemiluminescence sensor are also presented in this chapter as a proof-of-concept

demonstration of the system.

3.1. General Design and Choice of Materials

Two fluidic channels, one larger channel and one microfluidic channel, were
designed in order to develop a method of measuring NO from EC monolayers cultured in
them and to determine if such a method could produce measurable results. A fluidic
channel with dimensions of 4 mm, 28 mm, and 120 um for fluidic channel width, length
and depth, respectively, and microfluidic channel with dimensions of 0.7 mm, 6 mm, and
120 um for fluidic channel width, length and depth, respectively, were designed and
fabricated from Poly Di-Methyl Siloxane (PDMS). PDMS is a silicone elastomer that is
widely used in microfluidics due to its inexpensive fabrication cost, flexibility,
biocompatibility, and ease of fabrication. PDMS is chemically stable and can be used in
a temperature range of -45 to 200 °C [57]. Like many silicones, PDMS provides a good

surface for EC culture and proliferation [51,58]. A circular inlet and a circular outlet fluidic
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port, each 7 mm in diameter, were placed at each end of larger fluidic channel. A 1 mm-
diameter circular inlet and outlet fluidic port were also each placed at the end of the

microfluidic channel.

3.2. Fabrication Process

PDMS channels (the fluidic and microfluidic channels) were fabricated using soft
lithography fabrication techniques. Soft lithography involves a group of techniques for
fabricating a defined structure on a master in a soft elastomer. This master consists of a
bas-relief of photoresist (SU-8 in this work) on a silicon wafer, which serves as a mould
for PDMS. Sylgard 184 Silicon Elastomer Kit from Dow Corning was used in this thesis.

The kit contains two liquid parts: base and curing agent, that were used as-purchased.

The mould used to fabricate the PDMS microfluidic channels was developed
from SU-8. SU-8 is a negative, epoxy type, near-UV photoresist, which has been
specifically developed for ultra-thick, high-aspect-ratio structures such as found in
microelectromechanical systems (MEMS) that can be fabricated using standard
lithography equipment [59]. SU-8 photoresist is called negative as the areas exposed to
light become cross-linked and so remain on the substrate during the development while
the unexposed areas are removed away after development. SU-8 is sensitive to a
wavelength of 400 nm and absorbs light shorter than 360 nm [60]. The SU-8 used in this
thesis was from Microchem and was also used as-purchased. Various thicknesses of
SU-8 from 2 ym to 200 uym can be spun on the substrate in a single coating [61]. SU-8
has been widely used as a mould for PDMS soft lithography [62,63]. The layout of the
mould for the channels was designed using L-Edit CAD and so a dark field photo mask

was generated to be the negative of the channels.

Figure 3.1 shows the fabrication process for the SU-8 mould. A <100> silicon (Si)
wafer was used as the substrate, which was thoroughly cleaned with an RCA 1 clean
(NH4OH:H,0O,: de-ionized water in 1:1:5 ratio) at 80°C for 10 minutes to remove any
organics on the surface. The RCA 1 process was followed by a 5% HF dip for 30

seconds to remove any native silicon oxide (a).
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Figure 3.1 Fabrication process for 120 ym-thick SU-8 mould: a) clean the
wafers; b) spin SU-8 photoresist and pre-bake; c) expose and post-
exposure bake SU-8; d) develop.

As shown in Figure 3.1, SU-8 2035 was spun on the wafer at 1000 rpm for 30
seconds to create a 120 ym-thick layer (b). Pre-exposure soft bake was done at 65°C
and 95°C for 5 minutes and 25 minutes, respectively. The SU-8 was then exposed with
260 mJ/cm? of UV light (wavelength of about 360 nm) for 15 seconds. SU-8 was then
cross-linked during the post exposure bake at 65°C and 95°C for 5 minutes and 12
minutes, respectively (c). The layer of SU-8 was then developed using SU-8 Developer
(Microchem) for 15 minutes (d). Any residual developer was washed away from the SU-
8 mould using isopropyl alcohol (IPA). Figure 3.2 shows the fabricated SU-8 moulds for
both fluidic channels and microfluidic channels from the perspective looking down on
each mould.
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Figure 3.2

Silicon

(b)

The SU-8 moulds (looking down) of a) fluidic channels of different
sizes (only the labeled 4 mm-width, 28 mm-length and 120 pm-depth
channel was used in this work); and b) microfluidic channels of the
same size (0.7 mm-width, 6 mm-length, and 120 pm-depth). Each
silicon wafer is 100 mm in diameter.
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The soft-lithography-based fabrication sequence of the PDMS fluidic and
microfluidic channels using the SU-8 mould masters is outlined in Figure 3.3. A
thoroughly mixed liquid PDMS (10:1 mass ratio of base and curing agent, Dow Corning)
was mixed and poured onto the mould master and the wafer was placed in a vacuum
chamber for 20 minutes to eliminate trapped air bubbles (b). The wafer was then placed
into an oven at 80°C for 60 minutes to cure the PDMS. Finally, the cured PDMS was
peeled away from the substrate to create the fluidic/microfluidic channel arrays (f). The 4
mm-wide PDMS fluidic channel was manually cut into rectangular shape and placed on
the surface of a Petri dish with diameter of 150 mm while the whole layer of PDMS
containing 0.7 mm-wide microfluidic channels was placed on the surface of another

same size Petri dish.

Silicon Substrate

Figure 3.3 Fabrication process for PDMS fluidic and microfluidic channels: a)
SU-8 mould fabricated using steps outlined in Figure 3.1; b) pour
liquid PDMS onto the SU-8 mould; c) peel cured PDMS layer from
substrate.

Both sets of PDMS channels and the inner and outer surfaces of the Petri dishes
used for cell culturing were sterilized by spraying ethanol before starting the cell culture
process. These were left on the biosafety cabinet for about 10 minutes to dry. The
channels were then washed with Dulbecco's phosphate-buffered saline without calcium
and magnesium (DPBS) for two times to remove the ethanol, which would kill the cells if

not removed. The channels surfaces were then ready for cell culture.
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3.3. Cell Culture

Bovine aortic ECs (BAECs) were employed because of their availability and
close model to human ECs. BAECs were cultured in the channels by first coating the
channels with collagen and then cell plating, as detailed in the following two sections. All
collagen coating and cell plating had to be performed in a lab in Molecular Biology and
Biochemistry (MBB) department under the direct supervision of the lab managers during

normal business hour.

3.3.1. Collagen coating

The surface of the channels were coated with Type-l collagen from rat tail to
enhance cell adhesion on the surfaces. Type-l collagen is the most common fibrillar
collagen (90%), and is mostly found in skin, bones, tendons and other connective
tissues. The collagen concentration of the stock as purchased was 3 mg/ml. However,
the manufacture recommended concentration was 50 ug/ml, so the collagen had to be
diluted 60 times in 0.02 M acetic acid. A starting concentration of 5 pg/cm? was also
recommended by the manufacture for a thin coating process. The final volume of

collagen and 0.02 M acetic acid was calculated using the following equations:

Equation 3-1

Volume of collagen (V1)

- M8
= ((50/m1

dal

of collagen) x (Final volume))/ Initial concentration of collagen (/ml

Equation 3-2

Volume of 20 mM acetic acid = Final volume — Volume of collagen (V1)

The solution was added to both fluidic and microfluidic channels at 5 um/cm?
using micropipette. While the manufacture recommended to incubate the dishes at room

temperature for one hour, better results were obtained when the dishes were left in a
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heated incubator (95% air, 5% CO2 and) for 24 hours. After 24 hours the channels were

washed with DPBS twice to remove the acetic acid.

3.3.2. Cell plating

A tube containing 1 ml of frozen BAECs (about one million cells) was thawed in a
37 °C water bath for 1 minute. The cells were then transferred to a flask and 20 ml of
Dulbecco’s Modified Eagle’s Medium (DMEM, high glucose; Thermo Scientific)
containing 4 mM L-glutamine, 4500 mg/l glucose, 1% penicillin + streptomycin, and 10%
fetal bovine serum) was immediately added to the flask. The media had been warmed to
37 °C in advance. The flask was incubated for a few days and the media was renewed
with fresh DMEM every 2 days.

After a few days the cells were confluent, attached as a monolayer on the
surface of the flask and proliferated to millions of cells when checked under microscope.
The media in the flask was discarded and the cells were washed with DPBS. In order to
wash the cells, DPBS was first sprayed using a pipette gun to the surfaces where the
cells were not attached and the flask was then shaken gently to move DPBS to wash all
the cells. At the end the total fluid was extracted from one corner of the flask using a

pipette gun and discarded.

Trypsin was used to cleave proteins bonding the cultured cells to the dish, so that
the cells could be suspended in solution. The frozen trypsin was thawed in a 37 °C water
bath before being added to the flask. The flask containing 3.5 ml of trypsin was
incubated at 37 °C for 5 minutes and then 6.5 ml of fresh media was added to the flask.
The total volume of fluid (10 ml) was then divided equally and transferred to two falcon
tubes (5 ml each tube). The tubes were then centrifuged at 1500 RPM for 5 minutes to
remove the trypsin and media. After being centrifuged, the cells were gathered at the tip
of the tubes. The fluid containing the trypsin and media in each tube was then discarded
in one step. The tubes were then tapped against the surface so the cells were detached
from the tip of the tubes. One of the tubes was filled with 5 ml of fresh media and the
whole content was then transferred to a new flask followed by adding 15 ml more of

fresh media to the flask. The flask was labelled with the date, cells name, worker's name
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and the passage number and left in the incubator to be used for later experiments. The
cells are considered to be “passaged” once trypsinized, detached from the surface, and
transferred to a new flask, and must be accounted for as cell lines deteriorate after a
large number of passages. The second tube was filled with 4 ml of fresh media and used

to fill a fluidic channel and seven sample microfluidic channels.

Since the volume of the fluidic channel (22.4 ul) and microfluidic channel (0.693
pl) were significantly less than the required volume (minimum 100 pl) needed to be
collected for testing with the sensor, silicone isolators (Grace Bio-Labs) were used to
make a barrier around each fluidic and microfluidic channel in order to provide a larger
volume of fluid (550 ul and 50 pl for fluidic and microfluidic channels respectively). A
rectangular shaped silicone isolator with rectangular cut-out was used around each
fluidic channel and had dimensions of 4.8 x 2.3 cm and a depth of 0.5 mm. A rectangular
shaped silicone isolator with circular cut-out was used around each microfluidic channel.
Figure 3.4 shows a photograph of silicone isolators with a circular cut-out diameter of 9

mm used around the microfluidic channels.

Figure 3.4  Silicone isolators used to seal and create barriers around the
microfluidic channels. The cell medium is the pink fluid shown
covering each of the microfluidic channels inside the circular-
shaped barriers. The culturing dish diameter is 150 mm.
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Figure 3.5 shows a photograph of ECs cultured within the single fluidic channel
with dimensions of 4 mm, 28 mm, and 120 ym as width, length and depth, respectively,
24 hours after cells plating. A healthy confluent monolayer can be seen. Figure 3.6 also
shows a photograph of ECs cultured within the microfluidic channels with dimensions of
0.7 mm, 6 mm, and 120 ym for fluidic channel width, length and depth, respectively. A
healthy confluent monolayer can also be seen for ECs cultured in this microfluidic

channel.

Figure 3.5 Photograph of ECs cultured inside a fluidic channel sized: 4 mm-
wide, 28 mm-long, and 120 um-deep. This photograph was taken 24
hours after cell plating [64].

Figure 3.6 Photograph of ECs cultured inside a microfluidic channel sized: 0.7
mm-wide, 6 mm-long, and 120 pm-deep. This photograph was taken
24 hours after cell plating.

After the 24 hour cell plating period, approximately 500 pl of medium was
collected from the fluidic channel using a micropipette and transferred into an Ependorf

safe-lock tube. Approximately 150 ul of fluid in total was also collected from the seven
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microfluidic channels and transferred to another Ependorf safe-lock tube. Since there
was some evaporation, the total volume collected from the seven microfluidic channels
(150 pl) was less than the volume initially added to the microfluidic channels (350 ul).
Both Ependorf safe-lock tubes containing the sample fluids were then centrifuged to

remove cellular debris and then stored at -80 °C until tested for NO concentration.

3.4. Chemiluminescence Detection of NO

An ozone-chemiluminescence-based sensor system (NOA 280i, Sievers Nitric
Oxide Analyzer) was utilized in this work to detect and measure the amount of NO in
each sample as it offers the most versatile detection system for NO analysis. Using this
sensor we developed a simple protocol for measurements from microfluidic structures.
The Sievers Nitric Oxide Analyzer (NOA 280i) is capable of measuring NO and its
reaction products (nitrite, nitrate and nitrosothiols) in virtually any biological fluid
including: cell culture media, plasma, sera, urine, cerebral-spinal fluid, bronchial-alveolar
lavage, perfusates, and tissue homogenates [65]. The operating specification of Sieviers

NO analyzer for liquids is presented in Table 3.1.

The Sieviers NO analyzer employed for the experiments in this work was located
at UBC James Hogg research centre in St. Paul’'s hospital (Vancouver, Canada). The
lab was supervised by Dr. Pascal Bernatchez whose research program elaborates new
therapeutic avenues for human pathologies caused by blood vessel disorders, such as
endothelial dysfunction, atherosclerosis, vascular inflammation. Due to the large demand
of the sensor by the researchers in Dr. Bernatchez’s lab and the necessity of supervision
by the lab technicians, | had a limited access to the sensor and had to book the sensor
at least two weeks in advance. Thus, as many samples as possible were collected
during each access time. Another challenge encountered was carrying the frozen
samples from the lab in MBB department, where the cells were plated and stored, to St.
Paul’'s hospital. The samples had to remain cooled in a cooler containing the samples

with dry ice.
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Table 3.1 Operating specification of Sieviers NO analyzer [64]
Sensitivity ~1 picomole
Range Nanomolar to millimolar

Response time

Sample size
Repeatability

Display

Outputs

Data sampling rate

Power requirements

NOA

Vacuum pump with installed trap

Electronics: 67 milliseconds to 90% full scale
Lag Time: 1 second

0.001-5 ml

+5-10%

Back-lit LCD screen
ppb/ppm or mV

Analog: 0-1V, 0-10V
Digital: RS-232 (9600-38.4K baud)
Printer: Parallel port
0.002-32 samples/second
120V, 60 Hz (6A)

100V, 50 Hz (3A)

230V, 50 Hz (3A)

Height: 16 in (41 cm)
Width: 6.2 in (16 cm)
Length: 20 in (51 cm)
Weight: 35 Ibs (16 kg)
Height: 14.5in (37 cm)
Width: 7.5 in (19 cm)
Length: 19 in (48 cm)

Weight: 47 Ibs (21.5 kg)
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3.4.1. Principle of chemiluminescence measurement

The ozone chemiluminescence NO measurement relies on the reaction of NO
with ozone (O3) in a reaction cell to produce excited-state nitrogen dioxide (NO,*), which

emits light upon relaxation to the ground state as follows:
NO+O3; &*NO,*+0,
NOZ* -)N02+hv

The NO/Oj; reaction emits light at wavelengths greater than 600 nm, which allows
the use of a simple filter to remove undesirable signal and to impart complete selectively
for NO [66]. The photons from this reaction are detected and transformed into an
electrical signal by a photomultiplier tube (PMT). The current from the PMT is A/D
converted and fed into a PC running dedicated software (Sievers NO Analysis Liquid

Program).

The employed ozone-based chemiluminescence NO detector uses argon as an
inert gas to deoxygenate the sample solution and carry gaseous NO into a reaction cell,
where it reacts with O3 generated from O, from a dedicated oxygen tank. The major
advantage of employing a carrier gas is that the most troublesome interferents (e.g.,
NO,- and NO3-) are not transferred from the sample vessel to the reaction cell; thus,

NO selectivity is enhanced [66].

The amount of light produced by NO/O5; chemiluminescence is proportional to the
amount of NO sampled. Hence, the calculated area under the curve of the PMT current
for each determination is proportional to the amount of NO. This was verified before
each experiment by standard curves (5, 10, 25 pmol) which were produced using freshly

prepared solutions of 0.1 M sodium nitrite (NaNOy).

3.4.2. Materials

Working with the sensor, several pieces of equipment and reagents were needed

as follows:
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Equipment

1.

ARl A

Nitric Oxide Analyzer: Sievers model 280i obtained from GE Analytical

Instruments and located in UBC James Hogg research centre at St. Paul’s

Hospital

Liquid program (the title of the computer program is “Liquid”)

Oxygen and inert gas (argon)

Syringe with capacity of minimum 5 yl and maximum 100 ul

Vortex mixer

Reagents

1.

Distilled Water

4.5 ml glacial acetic acid

500 pl of 10% sodium iodide (Nal), which is prepared by dissolving 0.1 g Nal in 1
ml distilled H,O

Standard solution: 10 M sodium nitride (NaNO,), which is freshly prepared every

time the sensor is used as follows:

A

Preparing 1 M sodium nitride (NaNO,) by dissolving 0.069 g NaNO; in 1 ml
H,O

Diluting the 1 M solution to 102 M solution by adding 10 ul of 1 M solution to
990 ul of water

Diluting the 102 M solution to 10* M solution by adding 10 pl of 102 M solution
to 990 pl of water

Diluting the 10™ M solution to 10® M solution by adding 10 pl of 10 M solution
to 990 pl of water
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3.4.3. Analyzer start-up and calibration of chemiluminescence

The NO analyzer is kept in a room at a stable temperature. After turning on the
vacuum pump, the vacuum must reach a stable 8 torr level before use. The argon and
oxygen gas valves, which are located directly above the gas tanks, may then be opened.
The supply pressure (oxygen) has to be adjusted to 5.8-6.2 PSIG with a black knob
located behind the NO analyzer.

For the experiments presented here, 4.5 ml of glacial acetic acid and 500 pl of
10% Nal was added inside the purge column. Once the baseline was stabilized, volumes
of 5 ul, 10 pl, and 25 pl of the working standard solution (10® M NaNO,) were injected
into the purge vessel in triplicates using a syringe so that the chemiluminescence signals
could be recorded. Note that the syringe was rinsed at least five times between

injections.

A software program, called the Liquid program, is used to acquire data. The NO
analysis is a suite of four programs (Liquid, REB, Bag and Breath) for collection and
processing of data . Data is collected via the computer serial port and the programs can
be run on a PC. All files are saved in a tab-delimited text format for easy import into a
spreadsheet or statistics programs [65]. The Liquid program is used with the purge
vessel to acquire data, name the samples, integrate the peaks (using threshold and
peak width detection and automatic select of start and stop integration marks), prepare
calibration curves, calculate the concentration of the samples and save the results. The
software also calculates the area under the curve. It should be noted that a new
standard curve is generated from the standard solution each time that measurements
are made, and this curve is then used to calculate NO concentration from test samples.
For the work here, the average of the three values from three same injections were
calculated and data from these injections was used to generate standard curves in
Microsoft Excel. Figure 3.7 shows the experimental set up for the chemiluminescence

NO measurement using the NOA 280i analyzer.
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Figure 3.7 A photograph of the equipment used for chemiluminescence NO
analysing: a) purge vessel; b) NOA 280 i analyzer; c) PC; d) Liquid
program; e) syringe; f) oxygen tank; g) argon tank

A negative control must be done whenever the machine is used, which means
measuring the signal from DMEM only, so the net value for the samples can be

calculated later by subtracting the value of DMEM only from the sample values.

For the experiments performed in this thesis, the previously frozen samples were
kept in an ice box until injected. They were taken out of the ice box a few minutes before
injections, thawed in the water bath, and mixed using a vortex mixer prior to analysis.
NO-rich cell culture samples were then injected into the machine in triplicate (20 ul each
time). The average value of the three results from the same samples was calculated and
the final results (NO concentration) were calculated using the standard curve. The

concentration of NO is obtained using the following equation:
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Equation 3-3

[NO] nM= (Average area -Y-intercept)/(slope x volume of sample injected)

3.5. Experimental Results

The results from chemiluminescence NO detection of each sample was
calculated using the standard curve and with Microsoft Excel. Figures 3.8 and 3.9 show
the data from standard solution and NO-rich cell culture samples injections, respectively,
which were provided with Liquid software. Figure 3.10 shows the calculation done in

Microsoft Excel to find the NO concentration for both samples.

. # Peaks
mv '\|E:\NO data\June 4\Standard.data | 9 | Name Area
24.9- T 1 |5 pmol 52.1
24.0- | 2 |5 pmol 54.2
3 5 pmol 54.5
22.0- 4 10 pmol 98.4
5 10 pmol 9749
St 6 |10 pmol 9.1
7 25 pmol 240.8
18.0- 8 25 pmol 2399
9 25 pmol 245.8
16.0- |
14.0-
12.0- , | . _
| ]
10.0- | ' ‘
| . |
8.0- 1 ~I1
6.0- M ‘ L 5. ‘
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Figure 3.8 Plot of NO chemiluminescence signals obtained from the Liquid
program after injections of 5, 10, 25 puL of standard solution (10'6 M
sodium nitrite) in triplicate. The x-axis is time in minutes; the y-axis
is photomultiplier current in mV. The table shows the area under
each curve after each injection. The # peaks show the number of
injections.
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# Peaks

mv S[E\MO data\June 4\Shaghayegh channels.data | 6 | Name Area
64.5- T 1 |big channel 20 ul 370.5
I | 2 ||big channel 20 ul 363.4
60.0- I 3 |big channel 20 ul 3774
|
S50 ‘ 4 |Small channel 20 ul 813.7
) 5 [|Small channel 20 ul 7347
50.0- | 6 ||Small channel 20 ul 727.1
|
45.0- | |
40.0- |
35.0- |
i 1 1
30.0- |
|
25.0- |
200- ' | ' ' ‘
| |
15.0- \ ] | |
. | |
100 | | -
\ 1
[} } [ ‘ k«w LA %
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Figure 3.9 Plot of NO chemiluminescence signals obtained from the Liquid

program after injections of NO-rich samples in triplicate (6 injections
total). The x-axis is time in minute; the y-axis is photomultiplier
current in mV. The table shows the area under each curve after each
injection. The # peaks show the number of injections.
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Figure 3.10 The Microsoft Excel program developed by the author to find the NO
concentration of the samples: a) data from standard solution
injections acquired with the Liquid program; b) data used to provide
the standard curve; c) data from NO-rich sample injections acquired
with the Liquid program; d) NO concentration; e) NO concentration
above value of cell medium only; f) standard curve provided using
data in (b).

As seen in the Figure 3.10, the cells cultured in the single 4 mm-wide fluidic
channel produced an NO concentration of 1028.97 nM above values of cell medium
alone (see column labelled (e)). The cells cultured in the seven 0.7 mm-wide microfluidic
channels produced NO concentration of 3072.69 nM above values of cell medium alone.
Dividing this value by the number of the microfluidic channels (7) gives an NO
concentration of 438.95 nM from the cells cultured in only one microfluidic channel.
These numbers indicate that the NO produced by cells in the fluidic channel or

microfluidic channels were indeed measurable using the outlined methodology.
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Chapter 4.

Microfluidic Culturing System for NO Measurement
in Microfluidic Channels With Different Widths

In Section 2.2, it was discussed how previous studies have shown that geometric
control of EC shape and orientation without flow can be obtained by culturing ECs in
microfluidic channels of different widths. However, the effect, in any, on NO production in
ECs grown in microfluidic channels of different widths has never been investigated
before. Others have shown detection of NO in microfluidic channels [51,52], but in all
cases that could be found in the literature, differences in NO concentration between
various experiments, rather than absolute values of NO concentration, could only be
found. In addition, the application of shear stress at levels producing elongated cells was
found to increase NO production [53]. Again, no absolute value were given, so the
increase in NO concentration (e.g., 350 nM) cannot be compared to baseline values. In
this chapter, a simple and versatile method is presented to measure the small NO
concentrations produced from ECs cultured in small fluidic channels with different widths
to provide the capability for a range of morphological and functional studies within

microfluidic-based systems that include NO detection.

4.1. Design and fabrication of microfluidic culturing system
for NO measurement

The microfluidic cell culturing system consisted of four microfluidic channel
arrays with equal length (2.5 cm) and depth (120 um) but with varying widths of 100 pm,
200 ym, 300 pym, and 3 mm. Previous work has shown that elongation occurs for cells
grown in microfluidic channels less than 200 ym wide (Figure 2.2). Thus, the four widths
of fluidic channels (100 pm, 200 pm, 300 pm, and 3 mm) were chosen in order to

provide elongated cells in the smallest channel, with no elongation in the largest channel
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(3 mm channel), and a smaller degree of elongation for the other two channels (200 um
and 300 um). Although smaller width channels could be used (e.g., 50 um), smaller
channels have been previously shown to be difficult for the culture of complete cell
monolayers. Thus, the range of channel widths chosen covers a range of different
degrees of elongation, while providing easy experimentation. In order to compare the
NO release from a similar number of cells in each array, the samples were designed to
have the same culturing surface and the same volume of cell medium (3 ml) for each
array. The number of microfluidic channels in each array was varied to provide the same
culturing surface area; for example, thirty 100 pym-wide microfluidic channels, as
compared to one 3 mm-wide channel. Table 4.1 shows the number of channels with
their dimensions for each array, which are numbered 1 through 4, where array 4 has the
widest channel size (3 mm). Figure 4.1 shows the different designs (arrays 1 through 4)

from a perspective looking down on the fluidic channels.

Table 4.1 Dimensions and number of channels for different microfluidic
channel arrays[64]
Array # Number of Depth of Length of Width of Culturing
channels in channels channels channels surface
array (nm) (mm) (um) (mm?)
1 30 120 25 100 75
2 15 120 25 200 75
3 10 120 25 300 75
4 1 120 25 3000 75

34



15 200-micrometer-wide

30 100-micrometer-wide microfluidic channels

microfluidic channels

Array#l 3700 um
2300 um
Array#2
(a) (b)
10 300-micrometer-wide
microfluidic channels one 3-millimeter-wide channel
3000 um
Array#4
Array#3 1900 um
(c) (d)

Figure 4.1 The layout design (looking down) of four different channel arrays
with the same channel culturing surface (75 mmz2): a) 30 100 pm-
wide microfluidic channels (Array #1); b) 15 200 pm-wide
microfluidic channels (Array #2); c) 10 300 pm-wide microfluidic
channels (Array #3); d) one 3 mm-wide fluidic channel (Array #4).
Each chip was the same size, such that both the total fluidic channel
area and total area between channels was the same for each chip
[64].

The microfluidic channel arrays were fabricated from PDMS against SU-8 moulds
using the process explained in Section 3.2. The PDMS arrays were manually cut into the
same size rectangular shapes (approximately 5 cm x 2.5 cm) and placed on the surface
of a Petri dish (Figure 4.2). The PDMS channels and the inner and outer surface of the

Petri dishes were washed with ethanol and DPBS same as explained in Section 3.2.
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Silicone isolators (Grace Bio-Labs) or silicone sealants (Dow Corning) were used
to make a same-sized barrier around each microfluidic channel array in order to provide
a larger volume of fluid as required by the sensor (0.55 ml for the silicone isolators, or

4.5 ml for the silicone sealant isolators) compared to the volume of only the microfluidic
channels in each array (0.009 ml).
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Figure 4.2

Petri dish

(b)

a) Silicone isolators; and b) silicone sealant isolation used to seal
and make barriers around the channel arrays. The cell medium is the
pink fluid shown covering each of the four arrays inside the square-
shaped isolators. The Petri dish diameters are 150 mm [64].
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4.2. Experimental Methods

Collagen was coated on the surface of each array according to the procedure
explained in Section 3-1. The total volume of 12 ml of collagen solution (11800 ul of
acetic acid and 200 ul of collagen) was mixed and added to the arrays equally (3 ml
each array). BAECs were cultured using the same procedures as for the single

microfluidic channel experiment in Section 3.3.

After performing the first few tests, silicone sealants were found to be more
convenient in making barriers around the arrays since they increase the possible
maximum volume of cell culture medium to 4.5 ml, while silicone isolators increase the
volume only up to maximum 0.55 ml. However, in each test only 3 ml of the possible 4.5
ml volume was used. This was done to facilitate manual extraction of 0.5 ml samples for
testing from each device. Silicone sealant was used to provide a barrier with the
dimensions of approximately 4.5 cm x 2 cm and a depth of 0.5 cm. For the experiment
done with different size channel width, seven different chips tested at each of the four

different fluidic channel widths.

To ensure that the measurements were performed on approximately the same
number of cells (cells grown just inside the channels), the cells cultured on the areas
between the channels were scraped 24 hours after cell plating. The scraper’s highly
compliant thermoplastic elastomer blade pivots to provide multiple angles to remove
cells from entire growth surfaces. There is a flexible joint between the blade and handle,
which improves ease of access into the corners of the fluid reservoir when it is used to
scrape the cells on the surfaces surrounded by the silicone isolators. Figure 4.3 shows
the BD Falcon scraper used in these experiments. Moving from one channel to another,
the blade part of the scraper had to be washed by rinsing the scraper in a tube of fresh
DMEM. This cell-scraping technique step was developed solely for this thesis, and
provided a new and easy and effective method of comparing cell populations grown on

different chips and in microfluidic channels of different widths.
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Figure 4.3 Photograph of a cell scraper from BD Falcon: 18 cm handle and 1.8
cm blade.

Photographs of ECs cultured inside and outside of microfluidic channels before
and after cell scraping are shown in Figure 4.4. Figure 4.4a and 4.4b show confluent
ECs before (a) and after (b) scraping in the 3 mm-wide fluidic channel. Figure 4.4c
shows confluent cells grown inside and outside 100 ym-wide microfluidic channels and
Figure 4.4d shows 200 um-wide microfluidic channels after the cells grown outside the

channels have been scraped.
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Between the
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Figure 4.4  Photographs of EC monolayers cultured in microfluidic channel
arrays: a) inside and top of a fluidic channel before cell scraping; b)
inside and top of a fluidic channel after cell scraping; c) between
two microfluidic channels before cell scraping; and d) between two
microfluidic channels after cell scraping [64]
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The remaining cells were then washed and provided with 3 ml of fresh medium
(not filled up to 4.5 ml) in each array, and then left in the incubator for another 24 hours.
Approximately 0.5 ml of medium was collected from each microfluidic channel system
and centrifuged to remove cellular debris before being stored in at -80 °C until tested for
NO concentration. To obtain the average NO concentration for each fluidic channel width
(3 mm, 300 um, 200 um, and 100 um), seven different chips for each fluidic channel
width were tested in ftriplicate. Thus, 28 tests (seven chips each for the four different

fluidic channel widths) were performed in triplicate to minimize errors.

An ozone-chemiluminescence-based sensor system (NOA 280i, Sievers Nitric
Oxide Analyzer) was utilized to detect and measure the amount of NO in the samples as
explained in Section 3.4. Using this sensor we developed a simple protocol for
measurements from microfluidic structures. The NO released from the ECs cultured in

different channel sizes (resulting in differently-shaped ECs) could thus be detected.

4.3. Experimental Results

The concentration of NO released from cell monolayers cultured within
microfluidic channels of different widths was measured and compared. Table 4.2 shows
the mean value of NO concentration among the seven samples for each microfluidic
channel width from seven different chips, along with one standard deviation and
standard error for each data set at each microfluidic channel width. The standard error
for each data set was calculated by dividing the standard deviation by the square root of
the number of samples (7 samples). There was a time interval of at least a week
between testing each of the seven samples so every time a new standard curve was

generated and the calculations were done due to the standard curve.
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Table 4.2 The results of each seven samples, mean value, standard deviation,
and standard error calculated for each data set at each microfluidic
channel width; Array#4, Array#3, Array#2, and Array#1 are the
arrays with 1, 10, 15 and 30 microfluidic channels respectively as
introduced in Table 2. The unit for all values is nM.

Array#4:13-  Array#3: 10 300-ym  Array#2: 15 200-um  Array#1: 30 100-um

mm channel channels channels channels

Sample1  1631.36 1685.62 1453.01 1919.41
Sample2 154141 1340.18 1493 59 1497 82
Sample3 170644 1540.22 1329.14 1395.35
Sample4 143898 1547.13 1696.30 1402.26
Sample5  1420.86 1480.19 1388.07 1395.62
Sample6  1518.88 1523.12 143136 1430.44
Sample7 124067 1291 52 137959 145955
Mean 1499.80 1486.85 1453.01 1500.07
Standard ., 4, 13355 131.34 188.75
Deviation
Eta"dard 57.56 50.47 53,62 71.34

rror

It has been previously mentioned that the degree of elongation of BAECs
increases as microfluidic channel width decreases. A similar microfluidic channel width-
dependence for EC elongation has been seen for BAECs grown in the microfluidic
system presented in this thesis. However, our simple and versatile microfluidic culture
and NO-measurement system also enabled us to measure the NO release of cells
grown in microfluidic channels of different sizes. Figure 4.5 shows the NO concentration
as a function of microfluidic channel width (which correlates to different degrees of cell
elongation). To determine if there was statistically significant difference between different
groups, Analysis of Variance (ANOVA) test [67,68] was performed using the data in
Table 4.2. It was shown that there was no statistically significant differences between
group means as determined by ANOVA (F(3,24)=0.1510, p=0.9280). So these first
results suggested that there was no statistically significant change in the amount of NO
released from cells in different microfluidic channel sizes. Thus, it appears that physically
forcing the cells in microfluidic channels to become less or more elongated may not

significantly affect the generation of NO. This compares to results for shear-stress
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elongated cells in which NO production increases for more elongated cells due to
application of sufficient shear stress [53]; however, more experimentation is needed to
verify the seeming lack of difference between NO production in microfluidic and fluidic

channels of difference sizes as indicated by our first results here.

It is noted that for the first 24 hours of this experiment, the cells had also plated
between the channels, which would be expected to lead to the same level of NO
measurement among all samples. However, even after another 24 hours of NO release
only by cells in the fluidic channels, a difference was still not discernable as shown in
Table 4.2 and Figure 4.5. Although further testing is needed to determine if these results
are indeed representative, the results show successful proof-of-concept for the devices
and methodologies developed in this thesis, and the ability to measure NO concentration
in many different samples from cells cultured in microfluidic channels of different widths.
This is also indicated from the graph, in that there are very large standard deviation bars
compared to the mean values and that all mean values fall within each others’ error

bars.
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B SR ——
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NO Concentration [nM]
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Array#4 Array#3 Array#2 Array#1

Figure 4.5 The graph of mean value of NO concentration released from the
cells cultured within microfluidic channels of different widths.
Array#4 is the array with 1 3-mm channel and Array# 3, Array#2 and
Array#1 are the arrays with 10 300-uym, 15 200-um, and 30 100-pym
microfluidic channels, respectively, as introduced in Table 2 [64].
The error bars each shows one standard deviation for that data set.
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Chapter 5.

TNFa-stimulated Endothelial Cells

TNFa is a pro-inflammatory cytokine (cell signalling protein), which has been
shown to increase both EC elongation and acute NO secretion [69,70]. It has been
previously shown in a study that the amount of NO released into the medium conditioned
by untreated and TNFa treated ECs cultured in 35 mm culture dishes was 1.81+ 0.17
MM and 2.86 £ 0.29 uM respectively and so stimulation of ECs with TNF-a increased NO
release 58% [70]. In this chapter, it is investigated whether or not the stimulatory effect
of TNFa on ECs cultured within the microfluidic channel-based system was significant.
The purpose of this experiment was to investigate the versatility of the system, i.e., to
show that multiple stimulants (e.g., microfluidic channel confinement and chemical
stimulation) could be acted on the cells simultaneously. Furthermore, the experiments
were performed in order to determine if the influence of cytokines on ECs could be
studied in the microfluidic system as previously studied in traditional culturing systems.
For this purpose array#4 (3 mm-wide fluidic channel) and array#1 (100 um-wide

microfluidic channels) from Section 4.1 were chosen for this experiment.

5.1. Experimental Methods

The PDMS channels against SU-8 moulds were fabricated using the same
process as outlined in Section 3.2. ECs were plated on the surface of two identical
arrays of each size, and cultured using the same basic procedures described previously
in Section 4.2. However, there were a few alterations: the cells grown outside of the
fluidic channels were scraped at the 6 hour time point in this experiment. The ECs were
then washed and provided with fresh media. One of the fluidic channels was then

treated with 10 yl/ml of TNFa using a micropipette. To get better results, the TNFa and
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fresh media was first mixed using a vortex mixer and then the solution was added to

each channel instead of filling the channels with fresh media and then adding TNFa.

Both the treated and non-treated cells were incubated for another 18 hours. Two
0.5 ml samples were then collected after this time period, one each from the treated and
non-treated fluidic channel devices. Thus, the total time for this process was 24 hours
less than the two previous processes; therefore it is expected that the cells would
release less NO than the other two experiments as the time period for release was less

than half as long.

5.2. Experimental Results

TNFa increases the elongation and acute NO generation of ECs in conventional
culturing dishes. In this experiment, the influence of TNFa on the shape and function of
ECs cultured in fluidic channels was investigated in order to show the versatility of the
system to easily perform such experimentation. The quantity of NO released from
treated and untreated ECs cultured within two identical fluidic channels was measured
and compared in this experiment. The results showed that TNFa increased NO
production. In addition, the previously un-elongated cells (as expected in a fluidic
channel 3-mm in width) became elongated in the fluidic channel due to TNFa
stimulation. This experiment was repeated five times on samples obtained from the
same chips under the same conditions for 3-mm-wide fluidic channels and four times for
100 pm-wide microfluidic channels. The average value of the results from all five
experiments for 3 mm-wide fluidic channels and four experiments for 100 um-wide

microfluidic channels were calculated.

Figures 5.1a and 5.1b show pictures of untreated ECs and TNFa-treated ECs
(cultured in 3 mm-wide fluidic channel) approximately 18 hours after scraping and
adding the TNFa (which occurred at the 6 hour time point). As can be seen in Figure
17b, not all of the treated cells appear to be elongated, but there are many elongated
cells compared to mainly cuboidal cells in the untreated sample. However, there were
not many elongated cells observed in the 100-pm-wide microfluidic channels after

treating the cells with TNFa compared to the number of treated cells in the 3 mm-wide
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fluidic channel. This may be due to existing cytoskeletal rearrangement on the cells

cultured in the relatively thin microfluidic channel [12].

(b)

Figure 5.1 Endothelial cells 18 hours after being scraped (24 hours after
plating): a) untreated; and b) treated with TNFa at the 6 hour time
point. These figures show cells in a 3-mm-wide channel [64].
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Table 5.1 and Table 5.2 provide the results of NO concentration released from
TNFo-treated and untreated ECs cultured in 3 mm-wide fluidic channels in five
experiments and 100-um-wide microfluidic channels in four experiments, respectively.
The mean value of the results, standard deviation, and standard error are also shown in
Table 5.1 and Table 5.2. Figure 5.2 and Figure 5.3 also show the average value of NO
concentration released from the TNFa-treated and untreated endothelial cells cultured in

3 mm-wide fluidic channels and 100 ym-wide microfluidic channels.

Table 5.1 The results of five samples, mean value, standard deviation and
standard error of NO concentration released from cells cultured in
two identical 3-mm-wide fluidic channels. The cells in one channel
were treated with TNFa . The unit for all values is nM.

Non-treated ECs Treated ECs

Sample 1 208.56 249.04
Sample 2 287.58 294.76
Sample 3 123.25 200.55
Sample 4 179.01 226.50
Sample 5 96.66 161.66
Mean 179.01 226.50
Standard Deviation 75.08 50.11

Standard Error 33.57 18.66

Table 5.2 The results of five samples, mean value, standard deviation and

standard error of NO concentration released from cells cultured in
two identical 100-um-wide microfluidic channels. The cells in one
channel were treated with TNFa . The unit for all values is nM.

Non-treated ECs Treated ECs
Sample 1 276.32 302.01
Sample 2 283.85 297.38
Sample 3 321.59 328.3
Sample 4 343 350.37
Mean 306.19 319.51
Standard Deviation 31.53 24.66
Standard Error 15.76 12.33
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The difference between the treated and non-treated NO production was thus
26.52% and 4.35% for the 3-mm-wide channel and the 100 pm-wide microfluidic
channel, respectively. Thus, while there was an increase, as would be expected based
on previous results from cells grown in petri dishes [70], the amount was not as great,
especially in the case of the microfluidic channel. To determine if there was a statistically
significant difference between treated and untreated groups in both 3 mm-wide fluidic
channels and 100 ym-wide microfluidic channels, an ANOVA test was performed using
the data in Table 5.1 and Table 5.2. It was shown that there was no statistically
significant differences between group means in both 3 mm-wide fluidic channels and 100
pm-wide microfluidic channels as determined by ANOVA (F(1,8)=1.3836, p=0.6218 and
F(1,6)=0.4430, p=0.8502 for 3 mm-wide fluidic channels and 100 ym-wide microfluidic
channels respectively) and so the difference between NO production from treated and
non-treated ECs cultured in both fluidic channel sizes was not significant according to
this initial study. This is also indicated from the graph, in that there are very large
standard deviation bars compared to the mean values and that both mean values fall
within the others’ error bar. However, further experimentation may yield different results.
It is interesting to note that the 100 um-wide microfluidic channel yielded almost no
difference in NO production between treated and untreated monolayers. As these are
the first known results discussing the NO production of ECs in microfluidic channels with

TNFa stimulation, further experimentation is required to verify these results.

The stimulatory effect of TNFa on ECs cultured within the microfluidic channel-
based system was investigated in this Chapter. It was shown that multiple stimulants
(e.g., microfluidic channel confinement and chemical stimulation) could be acted on the
cells simultaneously. However it was determined that the influence of TNFa on ECs was
not significant compared to results obtained in a Petri dish according to the ANOVA test;
even though the results were as expected (NO concentration higher for treated cells),

these first results were not statistically significant.
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Mean value of NO concentration released from cells cultured in two
identical 3-mm-wide fluidic channels. The cells in one channel were
treated with TNFa. The standard error for the data sets was 18.66
and 33.57 for treated and untreated ones, respectively [64]. The error
bars each shows one standard deviation for that data set.
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Figure 5.3  Mean value of NO concentration released from cells cultured in two
identical 100-um-wide microfluidic channels. The cells in one
channel were treated with TNFa. The standard error for the data sets
was 12.33 and 15.76 for treated and untreated ones, respectively.
The error bars each shows one standard deviation for that data set.
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Chapter 6.
Future Work

In this thesis, a microfluidic system is developed and tested to prove its capability
and to show proof-of-concept, but the device and method are not optimized. Although
the system provides the capability for a range of morphological and functional studies,
optimization is needed to enhance the design for a flow through system with thinner
microfluidic channels that are closer to EC cell size, which would result in more
significant microfluidic channel-induced elongation. Furthermore, it is possible that the
non-significance of the ANOVA test for the TNF-a samples is due to error introduced by
the manual methods performed in this thesis and improved and more uniform fabrication
of the isolators and more controlled or automated sample volume transfer techniques to
the sensor, may improve errors and result in improved results. A larger number of
samples may also improve results; however, a large number of measurments would
require access to an NO sensor exceedingly that available for the exploratory research

presented in this thesis. Please see Chapter 7 for a more thorough discussion.

A preliminary work has been done to optimize the previous design to a flow
through system to be used in future with cells, which is briefly described in this chapter.
While minimizing the size of microfluidic channels in a system, which enables the control
the cell shape with flow or without flow, it is important to maintain the same culturing
surface area (same number of cells). In order to maintain the cell culturing area, a
system is designed which consists of micro-patterned silicone chambers and microfluidic
channels of different geometries. The samples are designed to have the same culturing
surface area for each microfluidic channel, with different channel length for each
different width of channel (thinner channels are longer). The microfluidic flow system
consists of 5 microfluidic channels with the same depth but varying widths from 40 um to

220 ym and varying length from 1000 ym to 5500 um in order to provide the same
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surface area for each channel. Table 6.1 shows the dimensions of each microfluidic

channel, which are numbered 1 through 5.

Table 6.1 Dimensions for different flow-through microfluidic channels
Microfluidic Width (jam) Length (am) Depth (pum)
channel #
1 40 5500 100
2 80 2750 100
3 120 1833.33 100
4 160 1375 100
5 220 1000 100

The same fabrication process as presented in this thesis is used for microfluidic
chips for no-flow conditions. However, in this design, an additional step is added, which
is bonding of a PDMS lid, using oxygen plasma, for sealing of the channels (see Figure
6.1). Figure 6.2 shows a close-up photograph of the fabricated SU-8 mould. Figure 6.3
shows an example completed device with enclosed microfluidic channels and tubing for

inlet/outlet of fluid samples.
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Figure 6.1
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Fabrication process for 100-um thick SU-8 mould and PDMS
microfluidic channels: a) clean the wafers with an RCA 1 clean; b)
spin SU-8 photoresist and pre-bake; c) expose and post-exposure
bake; d) develop e) pour liquid PDMS (10:1 mass ratio of base and
curing agent, Dow Corning); f) peel PDMS layer; g) bonding of PDMS
lid to the channels and formation of access holes for tubing
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Figure 6.3  The integration of microfluidic channels with inlet and outlet tubing
for flow testing

In the future this work will be completed and the flow through system will be
fabricated and so ECs will be cultured within the microfluidic channels of varying widths
and varying length to study the influence of multiple stimulants (e.g., microfluidic channel
confinement and shear stress), which will provide more capability for ECs morphological

and functional studies.

Other future work will involve to determine the influence of TNFa or some other
drugs on NO production by ECs cultured within microfluidic channels of this optimised
design (different widths and length but same culturing surface). The effects of different
chemical stimuli rather than TNFa will be also studied on ECs elongation and NO

production under flow and without flow.
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Chapter 7.

Discussion and Conclusions

A simple microfluidic system and NO detection method has been developed that
enables simultaneous study of the effects of EC shape control and chemical stimuli on
NO production by ECs in microfluidic structures. A highly versatile system is designed
that does not have an integrated NO sensor, thus avoiding (such sensor’s difficulties of
design, fabrication, calibration, and drift. Instead, the method developed in this thesis
uses state-of-the-art NO measurement equipment, and provides the necessary

capabilities for a range of EC morphological and functional studies.

The microfluidic culturing system consists of four arrays of PDMS microfluidic
channels of the same length and depth, but varying widths. The microfluidic channels
were fabricated using standard soft lithography. In order to have a similar number of
cells in each array, the arrays were designed to have the same culturing surface area
(75 mm?) regardless of fluidic channel width, i.e., a greater number (30) of thinner (100
pm-wide) microfluidic channels were used compared to a fewer number (1) of wider (3
mm-wide) fluidic channels in order to obtain the same culturing surface area. A cell
scraping process was developed in order to remove cells between fluidic channels after
confluence so that only cells cultured within the confines of the fluidic channels would

contribute to NO production in the later hours of the experiment (after scraping).

Initial results show that NO can indeed be measured in the microfluidic channel
systems using the newly developed methods. The mean value for the NO concentration
from the cells cultured in 100 pym-wide, 200 um-wide, and 300 ym-wide microfluidic
channels, and 3 mm fluidic channel was 1500.07+71.344 nM, 1453.013153.621 nM,
1486.859+50.477 nM, and 1499.805+57.566 nM, respectively. These results may
suggest that physically changing the morphology of the ECs does not affect NO
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production, although further study is necessary to confirm these results. It is noted that
for the first 24 hours of this experiment, the cells had also plated between the channels,
which would be expected to lead to the same level of NO measurement. Thus, the
experiment could be improved with earlier cell scraping provided all cells were first
allowed to plate out of solution. Another potential source of error is that some cells
remain on top of the channels after scraping, although the number of remaining cells is
very small and thorough scraping is ensured via microscopic examination. Other
potential sources of error include differences in the amount of fluid volume containing
suspended cells and amount of cell medium added (0.55 ml or 3 ml depending on test);
these steps are all currently performed manually using a pipette. While ensuring
versatility and simplicity for the measurement method, these manual steps no doubt
introduce error into the amount of fluid dilution and, thus, NO concentration. A more
automated procedure should result in less variability. In addition, the silicone sealant
barriers are currently fabricated by hand; thus, the area of cell culture surface not
contained within fluidic channels may vary slightly from chip to chip. While using a
relatively large number of different chips with different barriers (e.g., the seven chips
used for the baseline measurements) minimizes this problem, it is at the expense of

more time consuming tests.

Cells were also stimulated with the pro-inflammatory cytokine TNFa in order to
investigate the versatility of the instrument for performing different tests that may result
in altered NO production by ECs grown in fluidic channels. The resulting NO
concentrations (226.50615+18.6691 nM vs. 179.0183+33.5786 nM for treated and
untreated cells respectively) in 3 mm-wide fluidic channel) and (306.1942+15.7869 nM
vs. 319.5182+12.3335 nM for treated and untreated cells respectively) in 100 um-wide
microfluidic channels) suggested that the stimulated ECs became more elongated and
released more NO than cells not stimulated with the cytokine, which was an expected
result based on data from conventional culturing dishes; however, the ANOVA test
indicates that this difference is not statistically significant for both microfluidic channels
or fluidic channels. Although the difference between the NO produced by the untreated
and TNFa-treated samples was approximately 20%, it is still somewhat lower than what
is seen in other experiments in culturing dishes. However, this experiment was based on

results from a single fluidic chip; thus, more experimentation is needed to further validate
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these results. As the time period for NO release in this process was 24 hours less than
the two previous processes, the absolute value of the amount of NO detected was less
compared to the single channel and baseline measurements at each microfluidic

channel width.

Other future work will involve performing the same experiment on microfluidic
channels of different widths to determine the effect of TNFa on the NO production of
already elongated ECs in microfluidic channels. Such experimentation will show not only
further versatility of the microfluidic system and method for NO measurement developed
and demonstrated as proof-of-concept in this thesis, but will herald the beginning of

experiments that may have significant biological relevance to vascular research.
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