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ABSTRACT

MODELING THE VASCULAR SYSTEM WITH MICROFLUIDIC TECHNOLOGY

By

Stephen T. Halpin

Here are presented several technologies advancing the state of microfluidic model-
ing of the vascular system through the integration of high throughput analysis equipment
with microfluidic systems, allowing for the monitoring of cell-cell communication between
the red blood cell (RBC) and endothelial cells. A review of the prior knowledge of the role
of adenosine triphosphate (ATP) and nitric oxide (NO) release from the RBC is presented,
along with the current understanding of the role these molecules play in vasodilation along
with the endothelium. Here, this dissertation hypothesizes that hypoxic vasodilation of
blood vessels requires ATP release from the RBC that stimulates NO synthesis in the endo-
thelium, resulting in vasodilation.

To investigate this hypothesis, a microfluidic model capable of quantitatively de-
termining NO and culturing endothelial cells near a flowing RBC channel is fabricated.
Techniques for fabrication of microfluidic devices are reviewed, along with detection and
cell culture systems integrated in microfluidic systems.

First presented is a novel system for analysis of NO released from RBCs under
hypoxic conditions that uses a polydimethylsiloxane (PDMS) based microfluidic device
incorporating a polycarbonate membrane. This membrane separates a flowing RBC sample
from fluorogenic probe, DAF-FM, which when reacted with NO, has a larger fluorescence
emission. This device was designed to be integrated into a fluorescence plate reader to

obtain readout, which was a significant improvement over prior systems requiring custom



detection platforms or microscopes for readout. Using this technology, a significant in-
crease in NO release from RBCs under hypoxic conditions was observed.

Next endothelial cell culture was incorporated onto the membrane of the device,
and inhibition studies performed to investigate the origin of NO which reaches beyond an
endothelial layer. In this model system, NO measured above an endothelial layer is repre-
sentative of that available to the smooth muscle to induce vasodilation. Using this system,
which integrated novel approaches of using the DAF-FM probe for NO in an extracellular
manner and plate reader detection, it was shown that under hypoxic conditions, an increase
in NO detected above the endothelium only is observed when RBC ATP release function
and endothelial NO synthesis function is present, suggesting a pathway of hypoxic vasodi-
lation requiring RBC ATP release and endothelial NO production

Also, technology was developed enabling electrochemical oxygen detection within
a flowing channel on a microfluidic device using epoxy-immobilized gold and silver wires
as working and reference electrodes, respectively. This presents an easily reusable and low
cost platform to potentially vary then detect the oxygen concentration in a flowing cell
sample prior to other analysis. This would allow the investigation of hypoxic systems at
oxygen concentrations other than completely oxygenated, or completely deoxygenated.

Lastly, in efforts to explore other applications of the polycarbonate membrane
based microfluidic devices, in particular their potential utility in drug screening and de-
velopment. To this end, transport of several selected pharmaceutical molecules with the
membrane based devices was investigated. In this process, it was discovered that some
of the more hydrophilic molecules can absorb into PDMS based devices. To remove this
limitation, techniques were developed which use the available fabrication equipment to
produce PDMS devices to fabricate polystyrene devices. As polystyrene is frequently used
in cell culture applications, this should allow for future work to more readily transfer cell

culture protocols and techniques to microfluidic systems.
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Chapter 1 - Introduction
1.1 The Vascular System, Red Cell and Vasodilation

The human vascular system consists of the circulatory network of blood vessels
that distribute blood components such as red blood cells (RBCs), platelets and plasma to
tissue throughout the body. The blood is pumped through this system by the heart, start-
ing with the largest oxygenated vessels, arteries, and then decreasing in diameter through
arterioles, and ultimately capillaries, where exchange of oxygen, carbon dioxide, and other
nutrients provided by the bloodstream occurs. The arterioles and capillaries are classified
as resistance vessels, typically between 20 and 250 pm in diameter, provide resistance to
flow. In these resistance vessels, blood hematocrit, or the volume percentage of the blood
occupied by RBCs, can be reduced to less than 10%.! After exchanging oxygen and other
nutrients, the vessel diameter then become progressively larger as the deoxygenated blood
is circulated through veins back up to the heart, where the cycle begins again.

Resistance vessels make up the majority of the surface area of the circulatory
system, as they are often found within 100 um of tissue, to allow for rapid diffusion of
nutrients to that tissue.? These blood vessels are characterized as an open tube, through
which the blood components flow. As shown in figure 1.1, the inside of this vessel is lined
with endothelial cells, which act as a semi-permeable barrier between the blood and tissue.
Beyond the endothelial layer is the smooth muscle, which by expansion and contraction
controls the blood vessel diameter, and ultimately blood pressure as a whole.

It was discovered in the late 1980°s that nitric oxide (NO) plays a role in induc-
ing vasodilation, or the expansion of these blood vessels® in work that would ultimately
result in the Nobel Prize in Medicine in 1998. NO participates in vasodilation by inducing
intracellular increases in cyclic guanine monophosphate (¢cGMP)* 3 in the smooth muscle,

which as a regulator of ion channel conductance, results in smooth muscle relaxation.®
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Figure 1.1: Cross section of a resistance vessel. The inner core of the vessel is where the blood
components, such as RBCs, flow. The next layer out from the center of the resistance vessel is
the endothelium, which confluently lines the inner layer of the vessel. Finally, the smooth muscle
layer is on the outside, and it is this muscle that is responsible for the expansion and contraction
of the vessel. For interpretation of the references to color in this and all other figures, the reader is
referred to the electronic version of this dissertation.



There is considerable debate in the literature, described below, concerning the source of
this NO.

The RBC itself is the significant carrier of oxygen in the bloodstream through its
binding to hemoglobin, some of which is membrane bound.”> 8 Hemoglobin, a protein with
four subunits, changes conformation upon binding or releasing oxygen. These confirma-
tions are referred to as the relaxed or tense states, respectively.®> 10 Hemoglobin makes
up the majority of the mass of the RBC after water, can also bind NO as a S-nitrosothiol
at a cysteine residue. This NO is readily released when hemoglobin is in the tense, or
deoxygenated, state.!! While the RBC contains no internal nucleus or mitochondria, and is
therefore unable to undergo oxidative glycolysis, the RBC does contain millimolar concen-
trations of adenosine triphosphate (ATP) inside the cell membrane,!? that can be actively
released as discussed below.

1.1.1 Red Blood Cell ATP

RBCs release ATP in response to a number of stimuli, including shear stress, 13

hypoxia, (the absence of oxygen)!% 13 pharmaceutical agents such as pentoxyfilline or

7 or small peptides such as metal-activated C-peptide.!® The

iloprost,'® hydroxyurea,
pathway for the release of this ATP from RBCs is known to be an active process and not
due to cellular lysis, as shown by Sprague.!®> 20 Furthermore, this release mechanism can
be pharmacologically inhibited using diamide,?! or glibenclamide,!® further validating it

is an active process. As shown in figure 1.2, ATP is proposed to be an important controller

of vascular tone, by activating the P2Y purinergic receptor22 on the endothelial cells which
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Figure 1.2: eNOS catalyzed reaction to form NO, and inhibitors for eNOS: Shown above is the
reaction catalyzed by eNOS to form nitric oxide and citrulline. Shown below are the arginine
analogues which competitively inhibit the enzyme.



results in a calcium influx into the cell, activating endothelial nitric oxide synthase, and
subsequent production of NO.23: 24
1.1.2 Red Blood Cell NO

It is also known that RBCs release NO a short-lived free radical molecule,25 in re-
sponse to hypoxia.2% In vivo, the source of the NO is debatable; one hypothesis by Stamler

27-29 and

states that NO is carried as a s-nitrosothiol on a cysteine residue on hemoglobin,
under hypoxic conditions, as oxygen is released from the heme, the hemoglobin molecule
changes conformation, which induces the release of the NO. By storing the NO as a s-
nitrosothiol, it is protected from species in the bloodstream such as oxygen, glutathione, or
albumin that may react with it.

Gladwin has proposed an alternative mechanism that is based upon activity of de-
oxygenated hemoglobin as a nitrite reductase, reducing nitrite to NO. First observed in the
1980°s,30 this hypothesis proposed that nitrite is the molecule through which NO is stored
in the plasma, and then is reduced to NO under hypoxic conditions. This is supported
since plasma contains 500-1000 nM nitrite,>! and a gradient of nitrite concentrations was
observed between venous and arterial blood, as perhaps nitrite is reacting with hemoglobin
in the absence of oxygen.3? One of the strongest pieces of evidence supporting this hypoth-
esis, however, is that when nitrite is added to the bloodstream in vivo, an increase in blood
flow is observed.33

One thing that is clear from both of these hypothesis is that NO is released by RBCs

under hypoxic conditions, but in order to participate in vasodilation, it must diffuse through



the oxidizing environment of the blood and plasma, through an endothelial layer, and to the
smooth muscle where it can participate in vasodilation.
1.1.3 Endothelial Cells

As shown in figure 1.1, the endothelium lines the inside of a blood vessel, between
the flowing blood components and the smooth muscle surrounding the vessel. The cells
form a confluent layer, which in the brain, as the blood brain barrier; can be as resistive as
150-200 Q/cm-2 as measured by trans-endothelium electrical resistance measurements.3%:
35 Importantly for this work, as shown in figure 1.2, these cells contain the NO producing
enzyme endothelial nitric oxide synthase (eNOS), which converts L-arginine to L- citrul-
line, requiring NADPH, oxygen and calcium as cofactors, producing NO, which then is
available to diffuse to the smooth muscle. The role of the enzyme in vasodilation is sup-
ported in vivo by examples where the absence of eNOS under stroke conditions increases
the risk of reperfusion injury.3® Furthermore, like RBCs, it has been shown that in culture,
endothelial cells up-regulate endothelial nitric oxide synthase under shear stress.3’

The eNOS function is important to the hypothesis of the role of the RBC in control-
ling vascular tone. In the hypothesis proposed below, ATP binds to the P2Y receptor on
the endothelium, stimulating a calcium influx into the cell.23 Calcium, a required cofactor
for eNOS, then increases the NO synthesis in the endothelium.3® The role of calcium is
well-established as other agonists that induce calcium flux into the endothelium, such as
bradykinin?? or acetylcholine® and are known to stimulate NO production.

Furthermore, when administered in vivo, eNOS inhibitors reduce blood flow in-
creases during exercise.3? These NOS inhibitors are important tools that facilitate the de-
termination of the source of NO detected. Most of the eNOS inhibitors are analogues of

L-arginine and are therefore competitive inhibitors for eNOS. There are three commonly

used inhibitors of the NOS family of enzymes, with varying degrees of sensitivity to vari-



ous NOS isoforms, but are broadly active at high concentrations. These inhibitors include
L-NG-nitroarginine methyl ester (L-NAME), N-iminoethyl-L-ornithine (L-NIO), and NG-
monomethyl-L-arginine (L-NMMA)*? as shown in figure 1.2.

1.2 Current Hypothesis on Hypoxic Vasodilation

There are currently two hypothesis of RBC mediated vasodilation under hypoxia:
one states that NO released from the RBC, diffuses across the endothelial barrier to the
smooth muscle, where vasodilation is induced. The other is that the RBC releases ATP,
which activates eNOS in the endothelium, producing NO, which is then able to diffuse
to the smooth muscle. Both mechanisms are plausible and are supported by a wide body
of literature, stating that ATP and NO are released from RBCs upon exposure to hypoxic
conditions. However, in this dissertation, evidence is shown that the ATP dependent mech-
anism is more plausible, as it does not require the short-lived free radical molecule NO
to diffuse through the bloodstream, across a cell layer, and to the smooth muscle where it
can stimulate vasodilation. Instead, the more stable ATP molecule can diffuse through the
bloodstream, and stimulating endothelial production of NO, which can then participate in
vasodilation.

The two mechanisms by which NO is thought to be released as discussed above
and, both are summarized in figure 1.3. It is known that NO is released from hypoxic
RBCs, however the exact mechanism is not known, even though mechanisms have been
proposed.*!: 42 Most interestingly, in support of these mechanisms, nitrite has been infused
into human forearms, and a reduction in blood pressure was observed. However, other re-
searchers have shown that nitrite (and other vasodilators such as nitroglycerin) can induce
release of ATP from RBCs,*3: 44 which could possibly explain these effects.

Considering these findings, microfluidic technologies were employed herein to

fabricated a blood vessel mimic as an effective model to elucidate these mechanisms. The
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Figure 1.3: Proposed mechanism by which RBC mediated hypoxic vasodilation occurs: Shown in
(a) is the cross section of a blood vessel, through which RBCs and other blood components flow.
Panel (b) summarizes the mechanism headed by Stamler et al. showing that as hemoglobin deoxy-
genates, it is able to release the NO bound to a cysteine residue. Panel (¢) shows the mechanism
proposed by Gladwin et al. in which hemoglobin acts as a nitrite reductase, reducing nitrite to
NO, making it available in the bloodstream. Panel (d) shows the mechanism proposed in this dis-
sertation in addition to others shown above in which ATP released from the RBC activates eNOS
production of NO, which is then available for vasodilation.



ideal microfluidic system would be able to model the important fluid dynamics including
shear stress and flow present in vivo, and more importantly, allow for NO release in a
physiologically relevant distance from the endothelium, which considering the short half
life of NO, will be essential to modeling its in vivo effects.

1.2.1 Measurement Techniques

Measurement of cell excretion and cell-cell interactions can be performed using
a variety of techniques including fluorescence staining, electrochemical techniques, che-
miluminescence, or mass spectrometry. Furthermore, various investigative models can be
utilized, from in vivo human investigation, through animal models and primary cell inves-
tigations to perpetual cell line investigations in vitro, each offering value at different stages
of an investigation.

The selection of an investigative model often limits the analytical techniques avail-
able to interrogate the system, a need that is to be balanced with the accuracy of the model.
For example, if a human model is selected, the analytical techniques used must typically be
non-invasive, generally requiring imaging techniques such as magnetic resonance imaging

o investigate things like pulmona ood flow,* neurotransmitter function,*°"
MRI) t tigate things like pulmonary blood flow,* t tter function,*0-48

or cancer detection.49> 30

By moving to animal models however, more invasive tools can be used to monitor
in vivo systems. For example, rather than using the noninvasive techniques such as MRI as

51,52

shown above, microdialysis sampling or implanted electrodes®> can be used to mea-

54,55 or blood vessel permeability.>® Furthermore, blood

sure neurotransmitter function
vessel extraction and investigation, such as in the aortic ring assay>’> >3 for vessel dilation,
or insertion of pressure transducers into vessels, is possible with animal models.

Cell culture systems, or systems which extract primary cells from an organism,

like RBCs, may be used in order to achieve finer control over a system, and reduce vari-



ability from animal to animal, in addition to reducing the cost per analysis. These are

particularly useful when screening drug libraries®® and are amenable to automation.®9 In

these systems, virtually any analytical technique can be used from electrochemistry®!-63

to chemiluminescence!3> %4 to fluorescence staining®>-67

and antibody capture techniques
such as ELISA 68, 69

One limitation to the above described techniques is that they do not allow for
several key components required to investigate interactions between blood components
and the endothelium. Firstly, they do not allow for flow adjacent to a cultured layer of
endothelial cells. While attempts have been made to culture endothelial cells in capillary
tubes,’” culture is easier to perform on a flat surface.”! This flow component is necessary
because it is known the RBCs release more ATP under flowing conditions.2!: 72 73 Also,
since we are interested in investigating the role of NO release from RBCs, it is important
to have a system which mimics the dimensions which exist in vivo as NO is a short lived
free radical molecule.2>: 74 For example, in a well plate, endothelial cells may be cultured
on the bottom of a well. If 150 pL. of RBCs were then placed in this plate, some of the
RBCs would be several millimeters from the endothelial cells. Given the short half life of
NO (reported to be less than 5 seconds), this NO may not diffuse to the endothelium. In the
microfluidic system described here, channel heights are 100 microns, which allow the NO
sufficient time to diffuse to the endothelial barrier.
1.3 Fabrication and Detection in Microfluidic Devices

Early development of microfluidic systems for chemical analysis began using tech-
nology from the microelectronics industry, and therefore started using materials familiar
to that industry, such as silicon.”> One of the earliest publications in the area was a mi-
crofluidic gas chromatograph,’® developed in 1979. While the device was contained on

a single 4” diameter wafer, its performance was comparable in terms of performance to

10



standard instrumentation, however because of the larger mass of the silicon wafer relative
to capillary columns, took longer to heat and cool. Furthermore, while the small size may
help multiplexing by having many of these devices in a single oven, they were still plagued
by the problem of a chip-to-world interface. More specifically, there was no effective way
to inject microliter volumes from an autosampler onto a series of these devices, which was
superior to using columns in parallel in a traditional GC oven. Nonetheless, this first appli-
cation sparked significant interest in using microelectronic technologies as fluidic handling
tools in analytical chemistry.

Future work in silicon often took advantage of the electrical properties of the mate-
rial, as conductivity sensors and accompanying electronics can be fabricated alongside
fluidic features. An early example in 1985 integrated a coulometric sensor for on-device
titrations,’’ and with the addition of pumping systems onto silicon in 1988,78 the reality
of lab-on-a-chip, where a total analysis could be integrated onto a microfluidic device was
approaching reality, with the first issue of the Royal Society of Chemistry’s journal, Lab
on A Chip, appearing in 2001.7° This lab-on-a-chip concept helped develop technologies®?
that contributed substantially to the sequencing of the human genome.81-83

Many of these technologies and techniques were implemented in either silicon or
glass, largely due to the durability of these materials. While some work investigating bio-
chemical systems was performed using these materials,* the use of microfluidic systems
for biochemical analysis on cellular systems largely required polymeric materials to which
less non-specific binding would occur, and materials enabling easier fabrication. In the late

1990°s the Whitesides group largely started this with the development of soft lithography, 8-
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86 where silicon masters were patterned with raised features fabricated from photoresists,
that could be used as a mold for polydimethylsiloxane (PDMS) devices.

While PDMS has many disadvantages as a material for fabricating microfluidics,3”
such as hydrophobicity,®® the tendency to absorb compounds as shown in chapter 5, and

flexibility, it has several advantages for use in biochemical analysis. It is optically transpar-

ent to visible light, readily enabling cell visualization and optical analysis,3% %0 and it is

gas permeable, which allows for carbon dioxide and oxygen exchange in cell culture.?1-93

Considering some of the disadvantages of PDMS, other materials are frequently used in

fabricating microfluidic devices, often with more complicated fabrication techniques.®*

For example, polystyrene has been used,”> offering the advantage of being the same mate-
rial as traditional culture flasks, allowing easy adaptation of existing cell culture techniques

to microfluidic technology. Other polymeric materials which have been employed for mi-

crofluidic fabrication include polymethyl methacrylate (PMMA),?¢ polycarbonate,®7> 98

and even epoxy materials.””
In addition to material selection, detection is a formidable challenge in microflu-

idic systems due to the small volume of sample involved, and therefore small number of

100

molecules available for detection. While advances have been made recently,'”" absorbance

techniques are typically not successful due to the short pathlengths associated with micro-
fluidic channels. Fluorescence techniques are popular, due to low detection limits. Laser

induced fluorescence is exceptionally popular, being used to detect genetic material and

103, 104 105, 106 65, 107,

amino acids, 0% 102 [abeled proteins, cells, and cellular components.

108 Many of these systems utilizing fluorescence detection also implement electrophoretic
separations to improve selectivity, as these separations are rapid and can operate under
lower pressures in comparison to traditional chromatography. Fluorescence staining of

109-111

live cells and the use of fluorogenic probes!10 are also popular detection schemes,

12



achieving readout with optical microscopes for similar reasons; acceptable detection limits
in small volumes.

Electrochemical techniques are also very popular, having the distinct advantage
that as electrode size decreases, background current decreases linearly, offering signal-
to-noise ratio enhancement. Furthermore, the low cost of most electrochemical sensors
makes them popular to a wide range of researchers. A wide variety of electrode materi-
als have been integrated into microfluidic systems!!2 113 to detect many analytes. For
example, by using bound antibody techniques, electrochemical sensors can be used as a
readout mechanism for ELISA in a microfluidic system.!!2 114 115 Of note, carbon ink

116 \while

electrodes have been used for NO detection from immobilized endothelial cells,
other electrode systems have been used for detection of neurotransmitters in vesicles!!” or
glutamate release from cells.!1® Microfluidic technologies offer a significant advantage for
monitoring single cell release events as they restrict the volume around the cell, allowing
for detection of a larger portion of the released components. Furthermore, they could be
potentially multiplexed around microfabricated electrodes, allowing for many single cells
to be investigated at once.

Finally, applications integrating microfluidic systems and mass spectrometry are
becoming more popular as the lower volumes used in the microfluidic systems are inher-
ently compatible with solvent evaporation prior to introduction of a sample into a mass
spectrometer.!!® Furthermore, microfabrication techniques can be used to reproducibly
fabricate small tips for electrospray ionization.!20 Devices that perform electrophoretic

separation prior to analysis for proteomic samples have also been developed, enabling

faster separation times relative to liquid chromatography.!2!: 122 More recently, micro-

13



fluidic technologies have been used to perform on-chip derivatization of small molecules
before analysis!23, and for drug metabolite investigations.!24 123
1.3.1 Microfluidic Systems for Cellular Investigation

While there is a wide variety of research involving detection methods for microflu-
idic technologies, there are fewer works investigating biochemical mechanisms with these
systems. A popular trend at the current time is the investigation of microfluidic technolo-
gies to replace flow cytometry systems for cell sorting.!2¢ First begun in the late 1990’s
with electrophoretic techniques,'2” and ultimately moving towards laminar flow systems

similar to commercially available cytometers,!28

these technologies would be essential
to integrating a total analysis of a biological sample onto a device. In such an analysis,
frequently one cell type, such as a red blood cell, needs to be separated from others, such

128 in a smaller

as platelets. Such sorting systems can also collect and interrogate cells
volume, potentially allowing for the discovery of rare cells.

While in some cases, such as cancer detection, the simple identification of a cell
is sufficient to complete an analysis, the majority of analyses require detection of some
property of the cell, such as a synthesized protein, an active receptor, or the quantitative
determination of some released analyte from the cell. Microfluidic technologies used to

interrogate physiological problems were first used in the early to mid 2000’s with inves-

tigations into the impact of pathogens on blood cells,!2? fluorescence investigations of

130 p 131

intracellular dyes,"°" chemiluminescence determination of extracellular AT and nitric
oxide.2® Furthermore, the technologies have been used to investigate peptide secretion,

such as insulin from Islet cells.!32 Microfluidic systems have also been used to investigate
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133

cellular release of electrochemically active compounds such as nitric oxide'”° and cat-

echolamines. 134-137

1.3.2 Microfluidic Systems for Cell-Cell Communication
A significant advantage to microfluidic technologies that cannot be readily attained

in other manners is the ability to culture and flow different cell types in close proximity

to each other, so that distances between cell types can mimic those present in vivo.!3%

Furthermore, the flow channels allow for the mimicking of shear forces present in vivo.!3?

Early work in this area by the Spence group involved platelet and red blood cell interac-

140

tions," " monitoring platelets adhering to cultured endothelial cells, in which the platelets

were pumped over the endothelium,”” and later work investigated the role of ATP released

from flowing red blood cells inducing nitric oxide production in endothelial cells.!11: 141-

143 Other early work in the use of microfluidic systems to monitor cell-cell interaction was

144

used in pharmacodymanic investigations," ™" whereas more recent work has investigated

45 146>

other cell adhesion to endothelial layers,'#> or so called “organ-on-a-chip and tissue

engineering technologies!4

which seek to culture multiple cell types in three dimensional
arrangements in similar geometries to those observed in vivo.

Considering the advantages described above, microfluidic technologies provide an
excellent model for investigating the mechanisms of hypoxic vasodilation in an in vitro
model that offers enhanced opportunities for system validation. Herein the following were
employed: first, a microfluidic device was utilized to detect nitric oxide release from red
blood cells in response to hypoxia.2® Next, reproducibly confluent endothelial cell cul-

143

tures'*> were integrated into the device, forming our vascular mimic that allows for blood

flow in proximity to a cultured endothelial layer. Using this device, enabled the ability to

elicit the role of red blood cell derived ATP!4, red blood cell derived nitric oxide,2® and

148

ATP-stimulated endothelial nitric oxide'*® release in hypoxic vasodilation. This device

15



will allow for NO release from the RBCs to occur in close proximity to the endothelium,
allowing determination of the role of this short-lived molecule. Inhibition studies of ATP
release!4” and endothelium nitric oxide production,!? further enabled us to investigate

151

the hypothesis'~" that nitric oxide production during hypoxic vasodilation is endothelium

derived, and stimulated by red blood cell ATP release.
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Chapter 2: Membrane based Separations on Microfluidic Devices for Analysis of NO
in RBC Solution

2.1 Polycarbonate Membrane Based Devices

Polycarbonate membranes have been used occasionally in cell-interfaced micro-
fluidic technologies. As early as 2001, a microfluidic system was used to determine the
potentiometric resistance of a cell culture on a polycarbonate membrane,! but this system
was meant to take potentiometric measurements on small cell cultures, and did not allow
for other readout mechanisms or flow. Other work has focused on the ability to use the
membrane as a separation mechanism prior to analysis by electrospray ionization-mass
spectrometry,? as an introduction method to interface micro-scale devices to the nano-
scale, or in the Spence group, as a sample cleanup method prior to fluorescence analysis
in the presence of an RBC matrix,* or sample cleanup prior to electrochemical measure-
ments.> These membranes have also been used as a cell scaffold, allowing endothelial
cells, for example, to be cultured near a channel containing flowing blood components.®-8

None of these examples, while offering the ability to perform sample cleanup or
interface microfluidic channels with cell culture, have been integrated into mainstream bio-
chemical laboratory infrastructure. This is because they require custom detection systems
that are generally unique to each lab performing the analysis. The cost and complexity of
these newer systems prevent their implementation in other labs because the benefits do not
justify purchasing and maintaining additional equipment. To further improve the utiliza-
tion of our devices, the work presented in this dissertation will focus on using off-the-shelf
equipment for readout, such as a fluorescence plate reader. This will help to overcome one
of the major limitations to wide scale implementation of microfluidic technologies.
2.2 Detection of Nitric Oxide

Ever since the discovery of NO as the endothelium derived relaxation factor by

Ignarro and coworkers”: 10 in the late 1980’s and subsequent Nobel Prize in 1998, there has
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been a large community interested in measuring NO in challenging biological matrices.
These attempts are complicated by the fact that NO has a short half-life in vivo, reported

to be on the order of seconds,!1> 12

as it is a free-radical which reacts with oxygen or thiols
in plasma. This short half-life dictates that many of the detection techniques for NO are
indirect, subsequently requiring reaction of the NO with some other molecule, and subse-
quent detection of a property of the product molecule after reaction. There are generally
four ways of detecting NO in a sample, one of which, electrochemical techniques, do not
require the NO to react with another species, and is therefore a direct technique. NO detec-
tion by chemiluminescence required reaction with ozone, while fluorogenic or absorbance
options observing a reaction between a fluorescent or absorbing dye, and by downstream
measurement of analytes that react with NO.

The electrochemical techniques, with the advantage of being able to directly detect

13, 14 carbon ink,>:

NO, have employed a variety of electrode materials, such as platinum,
15 gold/indium tin oxide!® and carbon nanotubes.!” As the samples of interest often foul
electrode surfaces, and because extreme oxidizing potentials are often required, polymeric
coatings such as Nafion are used frequently with electrochemical sensors to prevent foul-
ing and maintain selectivity. Polymeric coatings, while gas permeable, can reduce the
sensitivity of electrochemical sensors by adding a layer to the electrode surface, which is
most often less permeable than solution. While many of these systems can achieve suf-
ficient detection limits in ideal situations, they often lack robustness in terms of extended
measurements, and would require significant engineering in order to be implemented in a

high throughput setting. Furthermore, electrochemical sensors are not selective for NO. In

most cases, they can also detect nitrite and peroxynitrite, both of which are degradation
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products of NO. While attempts have been made to perform electrophoretic separation of
NO degradation products in some cases,!8: 19 this is not the norm.
The most popular method of detecting NO, particularly in clinical investiga-

tions,20-23

involves commercially available “nitric oxide analyzers” such as the Sievers
Nitric Oxide Analyzer by GE. These techniques are based on the chemiluminescence reac-
tion between NO and ozone. The light produced by the chemiluminescence reaction in the
presence of excess ozone is proportional to the NO concentration in a method that is selec-
tive for NO over nitrite, nitrate and peroxynitrite,2* 23 but typically requires larger samples
than would be available in the microfluidic cell-cell communication to be monitored in
chapter 3. Furthermore, these methods can measure NO byproducts (such as nitrite) if
desired by reaction with reducing agents.?* Chemiluminescence techniques are certainly
capable of the needed detection limits, and the commercially available instruments are very
reliable, as indicated by their prevalence. While chemiluminescence analyzers are not ca-
pable of simultaneous measurement of samples in parallel, they could likely be integrated
with a flow injection system to improve their throughput. The primary limitation to the
chemiluminescence system is that it requires a stand-alone system to produced ozone and
the accompanying instrumentation to measure the chemiluminescence. It has not been inte-
grated into already existing high throughput analysis solutions, and requires larger sample
volumes than typical electrochemical or fluorogenic techniques.

Another reliable method for analyzing NO is through reaction with a molecule
such as a fluorogenic probe like DAF-FM?2%: 27 as shown in figure 2.3, or through Griess
reaction,?® as shown in figure 2.4, and subsequent detection by absorbance. Both of these
systems have the advantage of potential integration into high throughput screening, as
they both utilize optical detection. However, the Griess reaction is limited because it de-

tects nitrite, thus requiring NO oxidation prior to detection. Furthermore, as an absorbance
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technique, the Griess reaction has detection limits of around 1 pM, reducing its utility
for many NO producing systems. Alternatively, reaction of NO with DAF-FM, has had
low nanomolar detection limits repor‘[ed,26 but its selectivity is not certain, as it has been
reported to react with peroxynitrite and ascorbic acid.2? These selectivity problems could
potentially be mediated by performing an electrophoretic separation prior to laser-induced-
fluorescence detection.3%: 3! As optical techniques, the primary limitation to these systems
will be their performance in the presence of a RBC matrix, which due to the intense absor-
bance of hemoglobin, can interfere with optical measurements. This can be avoided using
a separation technique, such as an electrophoretic separation, or using a polycarbonate
membrane to separate the NO from the flowing RBC solutions® 32,

Considering the capabilities of each of these available NO detection methods, and
the goals of this investigation: to measure NO from hypoxic RBCs in a high through-
put manner, the DAF-FM probe and subsequent fluorogenic reaction has been selected
to detect NO. It offers compatibility with small sample volumes, easy integration into the
flowing microfluidic systems, and the potential for high throughput readout using existing
infrastructure without any need for gas generation as in the chemiluminescence method.
2.3 Methods
2.3.1 Device Fabrication

General fabrication of PDMS slabs is in Dow Corning’s Sylgard 184 Elastomer
(Ellsworth Adhesives, Germantown WI), which is sold as a 10:1 PDMS (w/w) to curing
agent kit. For most work, a 20:1 mixture is prepared for surfaces requiring sealing, and 5:1
for portions that need to be more rigid. For a slab of PDMS on a 4 in. wafer, using 20:1
over channels and 5:1 over the entire slab for ease in punching inlets, 5 g of each 20:1 and
5:1 PDMS are mixed, and degassed under vacuum. The 20:1 PDMS is then poured over the

channels or flat surface of the master, and cured at 75 °C for 13 minutes. The master is then

31



removed from the oven and immediately the 5:1 is poured onto it, particularly on surfaces
requiring rigidity, and heated for 14 minutes.

The resulting PDMS coated master is allowed to cool to room temperature and the
PDMS released from master by prying the edge off with a scalpel, then bulk removal by
hand. Inlets are punched in the ends of the channels using 20 gauge steel tubing, and the
resulting plug of PDMS removed using forceps under a stereomicroscope.

For the top, channel-free well layer, wells were punched using a % inch hollow
punch, with the resulting plugs removed with forceps. The final device, as shown in figure
2.1 is assembled by placing glass slides cut in half by the MSU glass shop underneath the
channel layer (channels face up), then placing the polycarbonate membrane (Steriltech
Inc.) over the channels, and finally the well layer over the membranes. The completed
device is then heated for 15 minutes at 75 °C to reversibly seal the layers together.

2.3.2 Master fabrication

First, a mask or negative must be prepared containing the desired features. A vector
drawing of the desired features is prepared using CorelDraw, Adobe Illustrator, or Mac-
romedia Freehand. The computer drawing can then either be printed at 1000 DPI on a
conventional transparency if the features to be printed are larger than 200 um, or sent out
to a high resolution printer if higher resolution is required. If the mask is printed using a
conventional printer, during development prior to rinsing with acetone and isopropanol as
a final step, the features should be rinsed with gamma-butyrolactone (the solvent in the
SU-8-50 photoresist), then gently rubbed to clean up the features.

If thin features are desired (height less than 40 pm), the SU-8-50 photoresist (Mi-
croChem Inc.) can be thinned with gamma-butyrolactone at roughly a 1:10 ratio of solvent
to photoresist to achieve significantly thinner features (5-40 pm), but height must be de-

termined empirically, as there is no table available to estimate spin speeds. If the normal
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Figure 2.1: Fabrication of the Microfluidic Device for RBC NO Detection — As shown, this device
consists of two layers of PDMS, the bottom containing L-shaped channels 200 um wide by 100
um tall. Between this layer and the “well” layer on top, are polycarbonate track-etched membranes
allowing for transport of cellular components (such as NO), but not the cells themselves, where
these components can interact with a fluorogenic probe, such as DAF-FM.
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Figure 2.2: Fabrication of a Master: Masters for microfluidic devices are fabricated using lithographic techniques developed in the mi-
croelectronics industry. Briefly, a cleaned silicon wafer is spin-coated with SU-8 photoresist, a mask is placed over the photoresist, and

exposed to UV light. The photoresist exposed to light cross links, forming a rigid structure. The remaining polymer is dissolved away,
resulting in a master or mold with raised features.
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SU-8-50 is to be used, it should be dispensed by pouring into a 50 mL syringe the night
before use to allow bubbles to settle.

The light source for activating the crosslinking process consists of a mercury arc
lamp with a dichroic mirror reflecting short wavelengths of light (<375 nm) to the focusing
lens, that does not allow transmission of low wavelength UV light. The exposure control
system also contains a detector mounted perpendicular to the light path, allowing for pre-
cise dosing as the mercury arc lamp ages. This detector is not calibrated, so calibration
must be performed with a handheld light meter. In this process, UV opaque glasses should
be used and direct exposure to the light source minimized. Prior to calibration, the lamp
and all detectors are warmed up for 15 minutes. The dosing system is configured to display
the output of the perpendicularly mounted detector in microamps, and the shutter manually
opened. After verifying uniformity across the exposed surface, which may require bulb
alignment, the values from the calibrated handheld meter and dosing system are recorded,
and assumed to be equivalent. The dose can then be calculated using the product guide
for the photoresist, which contains a table describing the light energy per unit area (mJ/
cm?). To determine time of exposure, the desired energy density is divided by the reading
of the handheld meter (in units of mW/cm?). This exposure time, multiplied by the dosing
system’s readout in microamps, is the value to be programmed into the system for “dose.”

As summarized in figure 2.2, previously used silicon wafers are scraped clean of
any pre-existing photoresist or PDMS and washed with acetone, then isopropanol, and
then water. Wafers are stacked into slotted glass rods and then into an evaporation dish for
cleaning with piranha solution (2:1 sulfuric acid, 30% (w/w) hydrogen peroxide) (Caution,
piranha solutions are very corrosive, use proper protocol and personal protective equip-
ment), and heated to 95 °C for 12 hours. The solution and wafers are then allowed to cool to

room temperature, and the piranha solution drained off to waste. Wafers are washed several

35



times with deionized water. If needed, wafers can be rinsed with isopropanol and rubbed
with a lint free wipe to remove any remaining residue.

After wafers are cleaned, they are heated to 200 °C for one hour to dehydrate the
silicon surface. The wafer is then cooled to room temperature, and spin coated with SU-8-
50. While a table describing spin speeds is included with the product guide, as a starting
point a spin program of accelerating at 100 rpm/s to 500 rpm for 15 seconds then accelerat-
ing at 300 rpm/s to 1000 rpm for 30 seconds will produce features that are 100 um tall.
The wafer and photoresist are then contact heated on a hot plate to 95 °C for 15 minutes. A
mask is then aligned over the wafer, and the SU-8 exposed to UV light for approximately
30 seconds or a properly dosed amount of light. The wafer is then heated at 95 °C for 5
minutes to finish the curing process, and then developed in propylene glycol monomethyl
ether acetate until the excess photoresist is washed away. The final master is washed fol-
lowed by acetone then isopropanol.

2.3.3 Pumping System

Syringe pumps driving 500 pL. Hamilton Gastight syringes were used in all flow
studies. Syringes were connected to Tygon tubing through an adapter connecting a male
luer syringe to a female 10-32 compression fitting (Upchurch/IDEX scientific). Tygon tubes
were interfaced with the microfluidic device through 20 gauge stainless steel tubing (New
England Small Tube Company), whose outer diameter fit tightly into the Tygon tubing and
the microfluidic inlets described in 2.3.1. For studies requiring tubing that was not oxygen
permeable, polymer sleeves designed to adapt 360 um OD capillary tubing to 10-32 fittings
were used to attach quartz capillaries to syringes. The same 20 gauge stainless tubes were
used to connect to the microfluidic inlet, but they were attached to the capillary by remov-
ing 1 cm of the polyimide coating from the capillary through combustion, then securing

with JB Weld. For microfluidic parallel arrays, such as the NO detection described here,
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flow rates of 1.0 pL/min were used. For other studies not requiring parallel channels, either
NanoPorts (Upchurch Scientific) or female 10-32 fittings were secured to the devices with
JB Weld, and plumbed with compression fittings.
2.3.4 Alignment in Plate Reader

As shown in figure 2.7, a Molecular Devices M4 plate reader was used for fluo-
rescence readout. To properly align the chip, a 1/8” glass plate, with a notch cut out of the
bottom left corner by the MSU glass shop, and a transparency with a plate printed onto it
was taped onto the glass plate in a way that it aligned with a microplate when placed into
the reader. The glass plate was placed into the plate reader, and the glass plate placed in
tight contact with the upper right corner of the sample tray, as the instrument assumes the
top and right edges of the plate are flush against the tray. The microfluidic device (cut to an
appropriate size) was then aligned over the transparency, and the top-read mode was used
to analyze solutions on the device. It is imperative that no shaking of the plate occur during
measurement.
2.3.5 DAF-FM as a NO probe, Tank NO, NO Donors (NONQates)

Two methods were used to prepare NO standards, namely, preparation from tank
NO or through the use of a class of NO donor molecules, NONOates. Tank NO standards
were prepared in buffer purged with nitrogen for 5 minutes, then sealed into pear bottom
flasks with septa. The purged flasks were then placed on a vacuum line until small bubbles
ceased to form, and then purged again with inert gas. This cycle was performed three
times. A NO stock solution was then prepared by purging with NO gas (after allowing all
NOx to be purged from the lines as evidenced by brown gas) for three minutes, leaving a
headspace of NO in the flask at approximately one atmosphere pressure, controlled with
an oil bubbler. The flask was then sealed, allowed to reach room temperature, and then

equilibrated for 30 minutes. The NO concentration should then be 1.5 mM. Serial dilutions
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Figure 2.3: Reaction between DAF-FM and NO: Shown in the upper left is one of the earliest
probes for NO, diaminofluorescein. In order to reduce the background fluorescence, and improve
selectivity of NO over nitrite, two fluoro groups were added in addition to the methyl group in the
active area of the probe. Shown below is a potential mechanism by which the fluorescent DAF-
FM-NO is formed, with a peroxynitrite intermediate. While this mechanism is debated, DAF-FM
fluorescence in the presence of NO is significantly reduced in the absence of oxygen, suggest-
ing this mechanism. DAF-FM-NO fluorescence could be observed using the fluorescence micro-
scopes, fluorometer or plate reader at wavelengths similar to fluorescein, with a peak excitation
wavelength of 485 nm and a peak emission of 515 nm.
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were performed with a Gastight syringe having a fixed needle into flasks purged of oxygen
as described above.

NONOate solutions, both the spermine and diethylamine forms were first prepared
by dissolving 10 mg of the NONOate compound in 0.01 M NaOH. These donor molecules
are stable for several hours at high pH. Subsequent dilution was then made by adding
donors to physiological buffers and the NONOate standards used shortly thereafter.

DAF-FM (4-amino-5-methylamino- 2',7'-difluorofluorescein, Invitrogen Inc.) was
used as received. To prepare working solutions, 1 mg was dissolved in high purity, water
free DMSO to make a 5 mM solution. This solution was separated into 7 puL aliquots, and
stored at -20 °C in the absence of light, as freeze-thaw cycles and light reduce the fluo-
rogenic behavior. Solutions of the desired concentration were then prepared immediately
before use in Hank’s Balanced Salt Solution or water, and care was taken to keep the solu-
tions away from light, as they photobleach rapidly.

2.3.6 Nitrite Determination with Griess Reaction

As an alternative to the DAF FM probes, the Griess reaction (summarized in figure
2.4) was occasionally used to validate NO measurements. The particular Griess reaction
used in this work did not include any means of reducing nitrate back to nitrite. Nitrite
standards were prepared from sodium nitrite, and the two Griess reagents prepared as stock
solutions, one a 0.1% naphthalenediamine solution in water, and the other 1% sulfanil-
amide in 5% (v/v) phosphoric acid.

Equal volumes of sample and each solution were mixed and then analyzed by mon-

itoring absorbance at 543 nm using either a UV-Vis spectrometer or plate reader. Analysis
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Figure 2.4: Griess Reaction for Nitrite Determination - Under acidic conditions, the sulfanilamide
reacts with nitrite, and then with N-(1-naphthalenediamine) to produce the colored diazonium,
which absorbs light at a maximum of 543 nm.
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should occur rapidly (within 15 minutes) of sample preparation, as the absorbing com-
pound can degrade over time.
2.3.7 Isolation and Preparation of RBCs, Hypoxic RBCs

Rabbit RBCs were obtained from healthy male New Zealand White rabbits between
2.0 and 2.5 kg in body mass. The animals were initially anesthetized with ketamine (8 mg/
kg) and xylazine (1 mg/kg) followed by sodium pentobarbital (15 mg/kg). Rabbits were
ventilated after tracheotomy, heparin administered, and exsanguinated through the carotid
artery into polypropylene tubes. Whole blood was centrifuged at 500 g for 10 minutes then
washed three times in a physiological salt solution (PSS) containing 4.7 mM KCI, 2.0 mM
CaCl, 140.5 mM NaCl, 12 mM MgSO,, 21 mM tris(hydroxymethyl)aminomethane, 11.1
mM glucose with 5% w/v bovine serum albumin at pH 7.4.

For use in microfluidic analysis, 7% hematocrit solutions of RBCs were prepared
in either normal PSS or hypoxic PSS. The PSS was made hypoxic through the Oxyrase
system by making a 1:10 solution of Oxyrase to PSS and allowing it to incubate for 30
minutes. For the measurement of NO release from RBCs, samples were analyzed within
eight hours of removal from the animal.

2.4 Results
2.4.1 Images of Devices and Characterizing Channel Structure

In the development of proper protocols for lithography techniques, it was important
to confirm the dimensions of structures fabricated on the microfluidic masters. Dimensions
can be determined using instrumentation such as a profilometer, but it was desirable to
have a technique that could be used on a day-to-day basis. To do this, a 10:1 PDMS repli-
cate of the master was fabricated, and a slice 1 mm in length perpendicular to a channel was
obtained and imaged under our inverted microscope. As shown in figure 2.5, this allows

for a cross section of the channel to be obtained. The aspect ratio of the channel can then
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be determined through direct measurement enabling a comparison between the expected
width and height. Furthermore, the absence of artifacts can be confirmed, such as t-topping,
where overexposure results in broadening of the top of the feature.
2.4.2 Selection of Pumping System for Chip-to-world Interfaces

While configurations involving the attachment of NanoPorts or other threaded fit-
tings to a glass plate offer the most reliable interface between a sample and a microflu-
idic device, their high cost ($60 per NanoPort in early 2012) and fragile nature motivate
the search for alternative methods. For several years our group has been using* 32-34 an
approach that incorporates a stainless steel tube connecting to Tygon tubing. The Tygon
tubing attaches to a Hamilton Gastight syringe, as shown in figure 2.5. To further reduce
this cost, substitution of disposable 1 mL (BD, Franklin Lakes NJ) was investigated. A long
serpentine channel microfluidic device was fabricated, and the time required for a fluores-
cein solution to displace a buffer solution from start to finish was determined to evaluate
flow rate precision. The results of these times are summarized in figure 2.6.
2.4.3 Fluorescein Transport

Fluorescein was used as a test compound before working with NO in order to more
easily characterize the process of aligning the microfluidic device in the plate reader, and
improve our understanding of compounds crossing the polycarbonate membranes. Fluores-
cein standards were selected that would yield similar signals to the DAF-FM-NO of similar
concentrations to investigate issues such as crosstalk, unwanted signal from an adjacent
well via accidental coupling between wells.

An example standard curve is shown in figure 2.7 showing the process of how these
devices are analyzed. Standards between 0 uM and 3.0 uM fluorescein were selected be-
cause the numerical values obtained for fluorescence after transport across the membrane

in the microfluidic device were similar to those obtained from NO standards. Also shown
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Figure 2.5: Cross Section of a Microfluidic Channel and Completed Device: The top image shows
a cross section of a channel as described in 2.4.1. To determine approximate channel measure-
ments, the images can be measured. Some distortion is present as a result of preparing the cross
section, but there is minimal evidence of t-topping, which can be indicative of overexposure in the
master fabricating process. The bottom image is a picture of an array microfluidic device prior to
use, taken from the bottom, where the inlets and associated stainless steel tubes can be observed.
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Figure 2.6: Reliability of Different Syringe Types: Hamilton Gastight (500 uL) and BD 1 mL
syringes were used to pump a 5 ppm fluorescein standard through a long, serpentine channel, and
the time to displace buffer from the channel was measured. While these two syringes did not pro-
duce a statistically significant different flow rate at 95% confidence (n=9 syringes), the disposable
syringes flow rate precision was less desirable.
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Figure 2.7: Shown in (a) is the arrangement of fluorescein standards spatially in the devices investigated to monitor fluorescein stan-
dards. This arrangement allows for the monitoring of crosstalk in the devices, as the no analyte standards are adjacent to the highest
concentration standards, showing minimal crosstalk. Panel (b) shows signals typically obtained from such a measurement.
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also in figure 2.7 is an example of how crosstalk is minimized, as the highest concentration
standard adjacent to an analyte-free well shows minimal signal in the analyte free well.
2.4.5 DAF FM as a Fluorogenic Probe for NO

As shown in figure 2.8, DAF-FM, a fluorescein based probe, yields a large back-
ground fluorescence, relative to the signal obtained from a 20 pM DAF-FM-NO solution.
This large background is common in fluorescein based probes. Furthermore, the excitation
and emission maxima vary slightly from fluorescein, with an excitation maximum at 485
nM and an emission minimum around 505 nm. For analysis in the plate reader however,
an emission wavelength of 515 nm was used because the larger fixed slit widths in the
monochromators in the plate reader allowed for too much excitation light to pass to the
detector, resulting in a larger background signal.

While the DAF-FM probe is an effective tool in quantifying NO, there are several
limitations to its usefulness in solutions of varying conditions. Firstly, while a mechanism
is not quite clear, the probe signal is diminished in calcium free buffers, as shown in figure
2.9. One potential explanation is that calcium interacts with the negatively charged groups
on the DAF-FM probe, stabilizing the fluorescence signal
2.4.6 Selection of Membrane Pore Diameter, DAF FM Concentration

In using the microfluidic devices containing a membrane for separation of blood
components from a fluorogenic probe, it is desirable to use a membrane pore size that
allows for the highest flux of analyte, but does not allow for bulk transport of solution,
which reduces the reproducibility of the device. Polycarbonate track etched membranes

were used with pore sizes varying from 0.1 pm to 0.6 um in diameter were used in devices
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Figure 2.8: DAF-FM as a fluorogenic probe for NO: A fluorescein based probe, DAF-FM has a
large background signal (shown in black), but the fluorescence increases significantly with addi-

tion of 20 pM NO as shown here. The emission maximum occurs at 505 nm with an excitation of
485 nm.
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Figure 2.9 DAF-FM limitations with calcium and glucose: DAF-FM signal is significantly differ-
ent dependent upon calcium concentration in the buffer (n=3 samples, 95% confidence).
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Membrane Pore Size| y-intercept (FL. U) | slope (nM/FI U) R? RSD of S pM
(um) standard (%)
0.6 6100 +/- 120 110 +/- 40 0.67 +/-0.13 21+/- 8
0.4 5800 +/- 370 82 +/-13 0.88+/-0.01 | 11.0+/- 1.0
0.2 6240 +/- 490 113 +/- 23 0.98 +/-0.01 | 3.0 +/-0.70
0.1 7340 +/- 410 173 +/- 21 0.90 +/-0.02 | 9.0 +/- 0.91

Table 2.1: Determination of Optimum Pore Size for NO Analysis: Calibration curves of DEANO
(1-9 uM) were analyzed with n=3 microfluidic devices, and the resulting parameters shown here. A
pore diameter of 0.2 um was chosen for future work as devices fabricated with these showed best
reproducibility and correlation coefficients. Errors indicated as standard deviation.
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DAF-FM Concentration| Detection Limit R2 RSD of 1 uM std| RSD of 9 uM std
(uM) (uM)
10 1.32 +/-0.18 0.96 +/- 0.04 3.1+4/-09 7.2+/-1.3
20 0.51 +/-0.08 0.97 +/-0.02 3.6 +/-0.3 0.6 +/-0.21
30 1.82 +/-0.13 0.92 +/-0.03 7.9+/-1.3 4+/-0.8
40 28 +/-13 0.77 +/-0.14 8.0+/-1.5 6+/-1.1

Table 2.2: Optimization of DAF-FM Concentration for Determination of RBC NO Release: To de-
termine the optimum DAF-FM probe concentration, DEANO standards (1-9 uM) were analyzed
on n=3 microfluidic devices, and the calibration curve parameters in addition to the reproducibility
of the 1 uM and 9 puM standard determined. 20 uM was chosen as the optimal concentration be-
cause of the lower detection limit and sufficient reproducibility at the higher standard.
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in which DEANO standards were pumped, and the resulting calibration curve parameters
shown in table 2.1

Due to the DAF-FM probe having high background fluorescence in the absence
of NO, it is desirable to use as little probe as needed to reduce the background. However,
enough must be used to maintain linearity for a large dynamic range, as the probe can
become the limiting reagent. Therefore, an optimum concentration of probe must be de-
termined for each experiment to be performed. In the case of monitoring RBC NO release
under hypoxic conditions, optimizations were performed and the results shown in table 2.2.
DEANO standards were prepared and analyzed on three microfluidic devices at DAF-FM
concentrations ranging from 10 to 40 uM.
2.4.7 NO release from Hypoxic RBCs

7% solutions of normoxic and hypoxic RBCs were prepared as described above,
and then pumped through the microfluidic device at 1 pL per minute for 30 minutes un-
derneath a membrane with pore diameters of 0.2 um and a DAF-FM concentration of 20
uM, with standards being pumped simultaneously. The resulting microfluidic devices were
then analyzed in the plate reader, and the NO release from the hypoxic and normoxic cells
determined. As shown in figure 2.10, more NO was released from hypoxic RBCs than from
normoxic RBCs.
2.5 Discussion

2.5.1 Engineering Changes to Polycarbonate Membrane Device to Enable Plate
Reader Detection

Previous polycarbonate membrane based devices for analysis of cellular compo-
nents in the Spence group have used multiple 1/8 inch wells over a channel,* although
this approach was not used in the fabrication of this device for two reasons. First, larger
wells were selected to more closely match the diameter of a well in a microtiter plate. The

primary advantage of larger wells was they minimized crosstalk such that a 3 pM solution
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Figure 2.10: NO Release from Hypoxic RBCs: In n=4 rabbits, statistically more NO was released
from hypoxic RBCs than from normoxic RBCs (p < 0.01). The NO concentration is calibrated to
DEANO standards.
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of fluorescein next to a buffer solution would yield a minimal signal in the buffer well. A
resolution to this problem, which will be discussed in chapter three, was later developed,
allowing for use of smaller wells. The second engineering change was moving to only one
well per channel, this change was made because consistent signal was not observed across
multiple wells in the same channel, the signal decreased as more wells were added further
along the channel, suggesting there was depletion at the top of the channel of the analyte of
interest, causing the local concentration at downstream wells to be reduced. The decreased
signal in downstream wells is likely due to the increase in interaction area between the
wells and channel with the larger well diameter. Alternatively, past work had utilized mul-
tiple smaller wells within a channel to signal average fluorescence signals within a channel,
offering improved reproducibility. With different signals in downstream wells, this was no
longer reasonable, so the additional wells were eliminated.

In order to reduce strain on the inlets at the bottom of the device, improving their
reliability, the device was placed on a table of perforated stainless steel with holes 2.5 mm
in diameter, through which the tubing addressing the chip could be run, placing most of
the weight of the tubing on the stainless steel shelf. This allowed for the tubing to be level
from the syringe outlet, through the stainless steel table, to the chip, preventing the RBCs
from pooling anywhere in the tubing. If the RBCs pool in the tubing, they never reach the
microfluidic device, and NO release is not observed. Furthermore, it was discovered the
Tygon tubing must be replaced periodically, particularly as it loses its flexibility, as the NO
signal from standards would be significantly reduced. Tubing was replaced approximately
every 30 cleaning cycles.

2.5.2: Alignment in the Plate Reader
The most significant novel contribution of this work is alignment (and subsequent

readout) of the device in the plate reader. To accomplish this, a glass template was fabri-
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cated by the glass shop to be within 2 mm in each direction of the dimensions of a standard
plate. A transparency, prepared in CorelDraw, was then printed with wells on it, with the
same geometry of a well plate, and taped to the glass plate in the same position a plate
would be. Once this alignment was confirmed, the microfluidic device could be placed in
such a way that the wells overlapped the template, assuring alignment.

Alignment can be verified by pipetting in alternating order fluorescein standards
and buffer. Alignment is accomplished when the buffer wells show a minimum signal, sug-
gesting there is not a portion of a standard well under the reading head when only buffer
should be present. Using fluorescein standards in this manner offers a convenient way to
verify alignment of the transparency to the glass plate.

2.5.3: Detection of NO

After successfully achieving a reliable mechanism for aligning microfluidic devices
in the plate reader, NO detection with the microfluidic system was investigated. There are
four ways NO is usually detected: electrochemically by oxidation, through chemilumi-
nescence reaction with ozone in the gas phase, through analysis of some reacted product
such as nitrosylated protein or nitrite/nitrate, and by fluorogenic reaction. While the elec-
trochemical techniques offer an affordable approach, challenges with detection limits and
biofouling of any proteins at the electrode make these approaches challenging. Chemilu-
minescence reaction with ozone is one of the most popular ways of detecting NO, but is
challenging to do in a high throughput manner. Analysis of downstream products, such as
nitrite, nitrate, or nitrosylated protein/glutathione by mass spectrometry is also popular,
but these approaches do not measure NO directly, and since nitrosylated products could
result from other physiological processes, their specificity towards the process of interest

is not clear. Considering these, the fluorogenic probes (specifically DAF-FM) were chosen
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because of previous work using intracellular probes, offering sufficient detection limits,
and their ease of use.

The DAF-FM probe is a selective probe for NO, showing no increase in fluores-
cence emission with nitrite or nitrate. It has a low detection limit in solution of around 5 nM
NO, and sufficient sensitivity to be used in the manner shown in this dissertation. DAF-FM
does have some disadvantages. For example, there is a debate in the literature whether or
not the probe is sensitive to calcium concentration in solution. This is an important con-
sideration as the probe is used in vivo, where calcium is often required for NO synthesis.
As removing calcium from solution is commonly used to inhibit NO synthesis, the source
of the lower fluorescence emission is not clear. Using NO standards in our laboratory, in
HBSS with or without calcium, as shown in figure 2.9, higher fluorescence emission was
observed when calcium was present, suggesting a calcium dependence. This was not a
major concern for the work shown here or in subsequent work because calcium is always in
the buffers used. This could be a concern for workers who use the absence of calcium as a
way to negatively control NO synthesis, as they could just be suppressing probe sensitivity,
instead of NO synthesis.

2.5.3: Preparation of NO standards

Another challenge in studying systems involving NO is determining how to make
standard NO solutions. As NO is a free radical molecule that is reactive with oxygen,
one might consider working under anoxic conditions. However, with the desire to work
in living aerobic systems, it is not practical to always work under anoxic conditions such
as those found on a vacuum line or glove box. Initial studies investigating the efficacy of
DAF-FM as a probe for NO nonetheless were performed using oxygen free samples, pre-
pared on a vacuum line from tank NO, to validate the use of simpler methods, namely the

NONOate donor compounds. A class of compound which will spontaneously release NO
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under physiological conditions, NONOates can be initially diluted under basic conditions
(0.01 M NaOH), and transferred to buffers with a neutral pH where they will release NO at
a known rate with first order kinetics. Two compounds were investigated in this work, first
spermine NONOate with a half life of 37 minutes, and diethylamine NONOate (DEANO),
with a half life of 3 minutes. The faster reacting DEANO was preferred because then by
the time the compound reached the microfluidic device, it had already reacted to form NO.
With the slower reacting spermine NONOate, it is possible to be observing the NONOate
crossing the polycarbonate membrane, instead of NO. Therefore, DEANO was used as the
NO source for the standards mentioned here.

In verifying the function of the NONOate compounds, it was desired to have a
method that was independent of the DAF-FM probe system. While electrochemical ap-
proaches were attempted, a good method to determine whether NO or the NONOate com-
pounds themselves were being analyzed was not realized electrochemically. Therefore, the
Griess reaction, as described above, was used to verify there were no problems with the
function of the NONOates. The Griess reaction could not be used however for the regular
analysis of RBC components because as an absorbance based assay, it had a detection limit
of approximately 1 uM, and has been reported to have interference issues with bovine
serum albumin, which is present in our PSS solution.

While methods of producing hypoxic solutions are discussed at length in chapter
4, briefly, the Oxyrase system was chosen because it does not require purging of protein
rich solutions with noble gases, which results in foaming, and risks dispersing biohazard-
ous materials. Additionally, a solution deoxygenated with Oxyrase remains deoxygenated,

even if they are exposed to air when loading syringes, as the enzymatic reaction maintains
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low oxygen levels. When loading the syringes for pumping to the microfluidic devices,
they can be aerated if loaded too fast, potentially reoxygenating solutions.
2.5.4 Microfluidic Fabrication Enhancements

After off-device verification of the DAF-FM probe, NO standards, and hypoxic
systems, it is necessary to validate proper fabrication of microfluidic devices. Essential to
this validation is the ability to reproducibly fabricate masters, or molds for the microfluidic
devices. This was accomplished first by properly calibrating all equipment available in
the lab, in particular the detector that monitors the light output of the UV flood source.
Also, determination of the conditions needed to re-use silicon wafers by cleaning proved
essential in developing new microfluidic devices, as the cost in producing a new master
was significantly reduced. To verify the absence of overexposure, and to verify the dimen-
sions of the channel with equipment available in the lab, cross sections of the channel were
prepared and analyzed under the inverted microscope. Channels intentionally overexposed
showed clear t-topping, a phenomena resulting from the changes in refractive index as the
photoresist cures when overexposed, whereas channels exposed after proper dosing of light
appear as the desired rectangles. Furthermore, the aspect ratio of the channels can be easily
estimated using this method, offering validation of the dimensions of the channels.

Furthermore, as an attempt to improve the throughput of analyses performed with
these devices, an attempt was made to use disposable plastic syringes instead of the glass
Hamilton Gastight syringes typically used in past work. This substitution would offer sig-
nificant time advantages in preparing the samples, because much time is spent the process
of cleaning these syringes. To determine the feasibility of the use of the disposable sy-
ringes, an experiment was conducted in which a long serpentine channel was filled with
buffer, and then fluorescein was pumped into the device, and then observed under the

fluorescence microscope. The time taken for the fluorescein to flow from the beginning of
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the serpentine channel to the end was then recorded, and compared for multiple syringes
with a given set of hoses and fittings. It was found that the Hamilton syringes offered excel-
lent reproducibility in time, and therefore flow rate, but the disposable syringes, while not
having a statistically different mean from the Hamilton syringes, had significantly greater
variation in flow rate, making them undesirable for use in these devices.

Also, the role of aging and multiple cleanings of the Tygon tubing was investigated,
as it was noticed that reproducibility of the performance in microfluidic devices was re-
duced as more experiments were performed. It was determined that as the Tygon tubing is
routinely cleaned as a part of the experiments, it becomes more brittle. This brittle nature
resulted in lower reproducibility of flow rates as investigated by this method, and this was
resolved by replacing the tubing. It is estimated this tubing should be replaced every 30
cleaning cycles.

After a clear understanding of the pumping systems was achieved, adaptation of the
microfluidic device for readout in the plate reader was conducted initially by monitoring of
fluorescein transport across the membrane. Fluorescein was chosen because of its excellent
stability, and excitation and emission at approximately the same wavelengths as DAF-FM-
NO. This was most valuable for determining proper alignment methods, and at the same
time, determining crosstalk. Alignment, procedurally discussed above, was achieved by
placing a 3 uM standard adjacent to a blank standard in a two dimensional grid on a PDMS
well-plate, with wells punched into PDMS to mimic the design of a microfluidic device.
Alignment was adjusted until the standards containing fluorescein showed reproducible
values, with the wells containing no analyte showed minimum and reproducible values.

Furthermore, pumping fluorescein under the membranes in the microfluidic device, of-
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fered an approach for validating the pumping, device fabrication, and readout in a manner
independent of the more challenging NO measurements.
2.5.5 NO Measurements on Microfluidic Device

After determining feasibility of the plate reader for detection of a fluorescent com-
pound in microfluidic devices, the use of DAF-FM for detection of NO was investigated.
Early investigations with the probe and buffer systems showed calcium dependence in
signal; as shown in figure 2.9, fluorescence signal of a DAF-FM-NO solution was increased
when it was made in buffer containing calcium. As mentioned, this has been reported in
the literature when the DAF-FM probe was used intracellularly, but in many of these cases,
the absence of calcium in the buffer will greatly inhibit NO producing enzymes, reducing
the signal of DAF-FM-NO because there is less NO available to react. While no studies
mentioned here or later used varying calcium concentration, this is of particular interest
because an absence of calcium in a buffer has been used to inhibit NO production.

Once the behavior of the DAF-FM probe in solution was understood, the microflu-
idic system was then optimized for NO detection in pore diameter and probe concentration.
Both parameters were optimized through the fabrication of a series of devices with poly-
carbonate membranes varying in pore diameter from 0.1 through 0.6, and then analyzing a
series of DEANO standards with 20 uM DAF-FM above the membrane, as summarized in
table 2.2. Empirically, the 0.2 pm pore diameter membrane was determined to be the most
optimal as it allowed for sufficient sensitivity and good reproducibility. The sensitivity
is dependent upon the amount of NO that can cross the membrane, the larger the pores,
the more NO will transport across the membrane. The reproducibility however is limited
by the amount of inconsistent bulk flow of solution across the membrane, resulting in
varying probe and NO concentrations in the different wells, and irreproducible varying

signals. A smaller pore size will then result in a higher backpressure towards fluid crossing
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the membrane, allowing for better reproducibility. In this case, the optimal pore diameter
considering both factors was 0.2 pm.

The probe concentration of 20 pM was also optimized for sensitivity and reproduc-
ibility through the analysis of DEANO standards, with the calibration curve parameters and
reproducibility summarized in table 2.2. 20 uM DAF-FM was selected because it offered
the best reproducibility at the high and low concentrations in the relevant dynamic range, in
addition to an acceptable detection limit. In choosing an optimal DAF-FM concentration,
there are two parameters to consider, first, a sufficiently low concentration, minimizing
background, is needed that a sufficiently low detection limit is achieved. However, the
probe concentration also must be high enough that the system is not stoichiometrically
limiting the upper end of the dynamic range. To determine this, calibration between 1 uM
and 9 uM NO was performed, and the linearity, detection limit, and reproducibility at the
extremes of the dynamic range considered.

After final optimization of the microfluidic system was complete, measurement
of NO release from hypoxic RBCs was achieved by pumping hypoxic RBCs, normoxic
RBCs, and DEANO calibration standards in the same microfluidic device. After flowing
for 30 minutes, the devices were analyzed in the plate reader, and calibrated to DEANO
standards on the same device. As shown in figure 2.10, significantly more NO was de-
tected from hypoxic RBCs than from normoxic RBCs. Furthermore, these measured values
were significantly greater than those observed when DAF-FM probe is mixed with a RBC
sample in a microcentrifuge tube, centrifuged, then the supernatant analyzed, as had been
the previous method used in our group. The microfluidic method offers a higher recovery

of the NO because after the NO is transported across the polycarbonate membrane, there is
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a much lower concentration of proteins and peptides with which it can interact, therefore it
is more likely to react with the DAF-FM probe, resulting in higher signals.

Finally, these studies show that for investigation of the ability of RBC-derived NO
to cross an endothelial barrier, a polycarbonate track-etched membrane is NO-permeable,

and therefore can be used as a support structure to culture a layer of endothelial cells on.
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Chapter 3 - Membrane Based Devices for Monitoring Cell-Cell Communication: Elu-
cidating a Mechanism of Hypoxic Vasodilation

3.1: Introduction
3.1.1 Intracellular NO Measurements Using Microfluidic Devices

NO release from bovine pulmonary artery endothelial cells (bPAECs), has been
previously monitored by the Spence group using electrochemistry! 2 or through the intra-
cellular fluorogenic probe DAF-FM-DA.3: 4 This intracellular probe contains two acetate
groups adjacent to the fluorine atoms on the molecule shown in figure 2.3. This increases
the cell membrane permeability of the dye, and once inside the cell the acetate groups are
cleaved by intracellular esterase, reducing the permeability of the dye, making it identical
to DAF-FM>: ©, which was described in chapter 2. The intracellular nature of the probe
increases its utility through detection by fluorescence microscopy,’ flow cytometry,!0-12
or more recently, through cellular lysis and electrophoretic separation followed by laser
induced fluorescence detection.!3

While this intracellular fluorogenic probe has the significant advantage of detection
capability with common laboratory equipment such as fluorescence microscopes and flow
cytometry, until recently,!3 the probe could not be used in a quantitative manner. Impor-
tantly, the probe is also unable to elucidate the source of NO. For example, endothelial
cells contain endothelial nitric oxide synthasel4’ 15 (eNOS) which can synthesize NO from
L-arginine, but it is also possible that NO derived from the RBC (see also chapter 2) could
diffuse across the endothelial cell membrane, react with the DAF-FM probe, increasing
fluorescence. This can be reliably verified however through the use of L-NAME as a eNOS
inhibitor'® 17, In this construct however, it is not possible to determine the source of the
NO, as extracellular NO could diffuse into the cell, then react with the probe.

As discussed in section 1.1, an objective of this work is to determine the source of

NO that reaches beyond an endothelial layer, to where the smooth muscle would be in vivo.
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It is here where NO can participate in vasodilation in the smooth muscle. Therefore, to de-
termine the NO beyond the endothelial layer, the extracellular fluorogenic probe, DAF-FM
was used above an endothelial layer cultured on the membrane in the device shown in
figure 2.1, and hypoxic RBCs pumped underneath this layer.
3.1.2 A Proposed Role for RBC-derived ATP in Hypoxic Vasodilation

The determination of the origin of the NO participating in vasodilation is important,
because as discussed in chapter 1, the source of NO-mediated vasodilation is an actively
debated topic in the current literature. It is known from chapter 2 and from others!8-21
that hypoxic RBCs release significantly more NO in comparison to normoxic RBCs. Fur-
thermore, it was reported by the Spence group,?? and others,?3: 24 that hypoxic RBCs
also release ATP. This ATP is then able to activate eNOS in the endothelium by increasing
calcium transport into the cell.23> 26

Therefore, there are two clear mechanisms by which NO may reach the smooth
muscle in hypoxic tissue: firstly, it could be released from the RBC, diffuse through the en-
dothelium, and to the smooth muscle, or ATP released from the RBC could activate eNOS,
producing NO in the endothelium, which could then interact with the smooth muscle.
While both may contribute, we hypothesize the ATP mediated NO release from the endo-
thelium is more likely because it enables the unstable free radical molecule, NO, to diffuse
a shorter distance. There are many recognized scavengers of NO in the bloodstream, such
as glutathione,?” hemoglobin,?® or albumin?? that could scavenge the NO before it can

diffuse across the endothelium, and similar antioxidant systems can be found within the

endothelial cells. ATP does not have this problem, and by stimulating NO production closer
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to the smooth muscle, it is able to improve the chances of NO reaching the smooth muscle
by reducing this distance.

To test this hypothesis, a microfluidic model of a blood vessel was developed,
consisting of a channel mimicking a flowing bloodstream, through which RBCs can be
pumped, and also a polycarbonate membrane that can act as a scaffold for cell culture.
The microfluidic device is required because of the short half-life of NO,3° as biologically
relevant diffusional distances are used within the microfluidic model to reduce the time the
bloodstream NO needs to be exposed to blood components.

3.1.3 Need for Confluent Cells

An important consideration in the experimental design of this system is achiev-
ing a confluent endothelial layer, which is reproducible from device to device3!. As the
polycarbonate membranes are not transparent, the cells cannot be observed using optical
microscopy to determine their confluency, as would occur in a culture flask. While com-
mercially available systems are available (Millicell ERS system by Millipore) to deter-
mine the confluency of a cell layer on a larger polycarbonate membrane,32 these measure-
ments have only recently been performed in microfluidic systems.3: 33 Other methods to
determine cell layer confluence involve determining the permeability of the cell layer to
fluorescent molecules.3* To improve the reproducibility of endothelial cell culture, which
ultimately translated to improved results shown below, a trans-endothelium electrical re-
sistance system integrated into the membrane based microfluidic device was developed.?
3.1.4 Basis of Trans-endothelium Electrical Resistance (TEER) Measurements

The basic premise for determining cell confluency by resistance measurements is
that cell layer confluency is proportional to the impedance of the layer. If it is assumed that
the major component of this impedance is resistance, one can then determine the resistance

by applying a voltage across the cell layer, measuring the resulting current, and solving
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for resistance using Ohm’s Law. However, to reduce the risk of observing faradic current
from electrochemical processes, and because many cell types are known to respond to
such a polarization,3? it was desirable to use a potential pulse to determine the impedance.
The commercial TEER system described above applies a pulse at approximately 12 Hz,
so in the microfluidic system a value close to that of 20 Hz was selected. At this potential,
however, the resulting current from the pulses contained a capacitive component, as an
exponential decay was present as shown in figure 3.5, resulting in data similar to that seen
in prior bipolar pulse techniques implemented in conductivity detectors.36-38

At this point, determination of the RC time constant by fitting an exponential to
the current data was considered, however this was computationally intensive for real-time
data analysis. Instead, the individual current decays were integrated with respect to time,
resulting in a charge value that was proportional to the impedance. These values were then
considered proportional to the cell confluency as described in the recent manuscript.
3.2 Methods
3.2.1 Microfluidic Device Fabrication

Microfluidic devices were fabricated as described in 2.3.1. Briefly, molds for mi-
crofluidic devices, or masters, were fabricated on silicon wafers using photolithography
with channels 100 um tall by 200 um wide. PDMS slabs were cast using soft lithography
methods described in 2.3.1, with polycarbonate track etched membranes with pore diam-
eters of 0.2 um. A change in well diameter to 1/8 inch was necessary to have a smaller
volume of solution above the cells, as the larger volumes used in previous work resulted
in excessive DAF-FM background signal. To facilitate this change to smaller well volume

while maintaining compatibility with the plate reader, an additional guide, prepared by
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removing the bottom of a standard well plate, was placed over the microfluidic device
before insertion in the plate reader.
3.2.2 Culture of Endothelial Cells onto Microfluidic Device

Endothelial cell culture was accomplished using bovine pulmonary arterial en-
dothelial cells that were cultured in T-25 culture flasks with DMEM containing 5.5 mM
glucose, 10% (v/v) fetal bovine serum, and penicillin/streptomyocin. When cells were 80%
confluent as verified with optical microscopy, they were either subcultured at a 1:3 ratio
into new flasks or prepared for culture on microfluidic devices.

Microfluidic devices were prepared for cell culture by coating each well in the
polycarbonate membrane with 12 puL of 50 pug/mL fibronectin, and subsequent exposure
to UV light to sterilize. Completed devices were stored in a humidified 5% CO, incubator
until use. Devices were not stored longer than 24 hours before use.

For subculture onto microfluidic devices, cells are detached from the flask with
trypsin/EDTA, then washed off with culture media, and centrifuged at 1500 rpm for 5
minutes. The pellet was then resuspended in 400 pL of culture media. 12 pL of this solu-
tion were then pipetted into each well. After two hours media was changed, and every hour
thereafter. The cells were cultured on the device for 12 hours prior to experimentation, with
media changes.

Cells were then rinsed with HBSS three times and incubated with 1| mM L-NAME
for 30 minutes in order to inhibit eNOS within the cells . The cells are then rinsed three
times and prepared for flowing RBCs, by placing 5 uM DAF-FM in HBSS on the cells.
3.2.3 Verification of Use of 1/8” Wells

Previous work described in chapter 2 used wells that were %4 inch in diameter.
While this work presented here required smaller wells to observe NO production from

cells, therefore it was necessary to validate that NO release from hypoxic RBCs could still
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be observed in the smaller wells. In measurements performed on n=4 devices, NO release
from hypoxic RBCs was shown to be statistically equivalent to that in figure 2.10.
3.2.4 Optimization of DAF FM for Extracellular Measurement

The concentration of DAF-FM above the bPAEC layer was optimized by placing 1
uM ATP in varying concentrations of DAF-FM (from 3 uM to 20 uM) on endothelial cells
treated with and without L-NAME. Standards from 100 nM DEANO to 2 uM DEANO
were also investigated on these devices. An optimal concentration of 5 uM DAF-FM was
determined as the NO release from the bPAECs was significantly greater than those inhib-
ited with L-NAME and within the linear range of the DEANO standards.
3.2.5 Analysis of NO Release

DEANO standards were prepared in 5 uM DAF-FM, and placed onto standard
wells in the microfluidic device. After flowing RBC samples for 30 minutes at 1 pL/min at
37 °C, the microfluidic device was transferred to the plate reader, and a black microplate
with bottoms drilled out placed over the wells to minimize crosstalk and provide for opti-
mal alignment. Fluorescence analysis was performed with an excitation wavelength of 485
nm and an emission of 515 nm.
3.2.6 Development of Software for Real-time TEER Measurements

The trans endothelial electrical resistance measurement system for use in micro-
fluidic cell culture was based on a commercially available system consisting of a current
generator that produced a square wave at approximately 12 Hz across a cell layer, and
measured the resulting potential drop, which, through Ohm’s law, can be converted to a
resistance measurement.

To mimic this in a microfluidic system, a 12 Hz potential wave with amplitude of 1
V was applied across the cell layer using an analog output on a National Instruments DAQ

board and the resulting current was measured. On an additional channel, the applied wave
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was measured to assist in synchronizing timings. Between 20 and 40 periods of the cur-
rent resulting from the square wave were collected at an acquisition rate of 1000 Hz, and
analyzed by the software in real time.

As the current resulting from an resistive and capacitive (RC) circuit decays ex-
ponentially upon applying a DC potential, the first approach to converting these current
versus time profiles to impedance (while the commercial system measures resistance, this
value should be more appropriately described as an impedance, as the commercial (nor our)
system make any attempt at separating the resistive and capacitive components) values was
made through the use of nonlinear curve fitting with MATLAB scripts integrated with
LabView.

Ultimately, improved reproducibility, along with optimal utilization of computing
time, was achieved by analyzing the resulting current profiles by integrating them with
respect to time. This method was computationally simpler and inherently averages the cur-
rent data, reducing the signal to noise ratio. These average values, with units of Coulombs,
were then proportional to conductance, or inversely proportional to resistance, allowing for
their use as a TEER value.

3.2.7 Detection of RBC ATP

In order to verify the function of diamide as a ATP release inhibitor, and to verify
previous work showing that hypoxic RBCs release significantly more ATP than normoxic
RBCs?2, static measurements of ATP release were performed using the luciferin-luciferase
assay. For calibration and verification of assay function, ATP standards were prepared in
normal PSS. A luciferin-luciferase solution was prepared by dissolving 100 mg of firefly
lantern extract in 5 mL of deionized water. Approximately 2 mg of luciferin were then

added to this mixture, and then centrifuged to remove insoluble components. Samples were
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mixed 1:1 with the luciferin-luciferase solution and analyzed 10 seconds after mixing with
a custom luminometer system fabricated in-house.

Briefly, the luminometer contained a Hamamatzu PMT, driven at 800 mV stored in
a light-tight box. Current resulting from the PMT was amplified and converted to a poten-
tial with an Oriel i-V amplifier. The resulting potential was then recorded and averaged for
10 seconds using LabView software and a NI USB-6009 analog to digital converter.

Diamide inhibition of ATP release from RBCs was achieved by incubating 200
puM diamide in PSS with a 7% RBC sample for 30 minutes. These samples were then
centrifuged, and the supernatant replaced with PSS. As diamide inhibition of ATP release
is known to be reversible3?, experiments were performed as close as possible to the time
(within an hour) of removing the diamide solution.
3.3 Results
3.3.1 Quality of Cell Culture

Endothelial cell quality was measured prior to culture onto a microfluidic device,
using optical microscopy to verify their cobblestone appearance, general confluency, and
cellular health, observed by a lack of vacuoles, as shown in figure 3.1. After the cells
were cultured onto the polycarbonate membrane, the cells cannot be visualized as easily
as they can in culture flasks, because the polycarbonate membranes are not transparent.
To observe their coverage over the microfluidic well, the cells were labeled with a nuclear
dye, Hoechst 33342, which is a fluorescence stain which binds to nuclear material in the

cell, and can be observed under a microscope with an excitation maximum of 350 nm and
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Figure 3.1: bPAECs in Culture Flask: Shown here are endothelial cells that exhibit the cobblestone
appearance and high confluency often expected with endothelial cells. Cells were not used in mi-
crofluidic analyses unless this appearance was present. Furthermore, the absence of large vacuoles,
which store excess waste products in the cell, in these cells suggest healthy cells.
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an emission of 460 nm. This dye was chosen because its optical properties do not interfere
with those of the DAF-FM probe.
3.3.2 NO Standards in 1/4” Versus 1/8” Wells

To improve the signal intensity of DAF-FM interacting with endothelial NO, the
volume of each microfluidic well was reduced by shrinking the well diameter from 0.25
inches as described in chapter 2 to 0.125 inches. As this well size was not effective in
determining NO release as described in chapter 2 due to insufficient alignment, a new
alignment mechanism was developed where a traditional plate’s bottom was removed with
a Dremel tool, and placed over the microfluidic device before analysis. This improved this
signal to noise sufficiently, and reduced the well-to-well crosstalk to almost nothing. As
the volume of the wells, and ultimately the number of DAF-FM molecules were reduced
to about 30% of their original value, signals from NO standards were similarly reduced by
30%. Linearity of standards was still observed, and when calibrated to these standards, NO
transport as a result of release from hypoxic RBCs was found to be statistically equivalent
to that described in chapter 2, for n=4 human RBC samples.
3.3.3 DAF-FM Optimization with Acetylcholine and ATP

Less NO was detected in the wells containing endothelial cells in those observing
only RBC NO release Therefore, a new optimization of DAF-FM concentration needed to

be performed. For these experiments, it was found as shown in figure 3.2 that to achieve
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Figure 3.2: Sample calibration for NO release above membrane: Standards for these experiments
were mixed with DAF-FM at a final concentration of 5 uM and incubated at 37 °C. Shown here
are n=4 samples in a single microfluidic device with error bars as standard deviations. A detection
limit around 200 nM, with standards placed above the membrane, was common for these assays
in the plate reader.
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Figure 3.3: Endothelial Cells Decrease NO Transport Across Barrier: Shown here in n=4 devices,
the presence of endothelial cells significantly reduces (p < 0.01) the amount of NO standard which
is able to cross a polycarbonate membrane.
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linear response to DEANO standards between 300 and 1200 nM, a DAF-FM concentration
of 5 uM should be used and the microfluidic device operated at 37 °C.

It was determined this was an acceptable linear range for endothelial NO release
by incubating endothelial cells with 100 uM acetylcholine, a known calcium transport
inducer, in addition to incubation with ATP.

3.3.4 Endothelial Cells Block NO Transport

After reliable calibration and measurement of endothelial cell derived NO was
achieved, it was desirable to see if DEANO derived NO would cross an endothelial layer.
A device similar to that described in chapter 2, but with the 0.125 in. diameter wells was
used. In one half of the device, DEANO standards were pumped into wells containing just
DAF-FM. In the other half of the device, the wells contained a confluent layer of endothe-
lial cells, and the concentration of NO which crossed either the polycarbonate membrane
or polycarbonate membrane plus endothelial cells was determined. For n=4 devices, as
shown in figure 3.3, it was determined that the presence of a confluent layer of endothelial
cells significantly reduced the NO that crossed the barrier, suggesting that RBC released
NO may not cross the barrier.

3.3.5 ATP Release from Hypoxic RBCs

To further characterize the role of the RBC in the role of hypoxic vasodilation, it
was necessary to verify the release of ATP from hypoxic RBCs and the effectiveness of
diamide as an ATP release inhibitor. This was performed in a traditional cuvette using the
luciferin-luciferase assay as described above. As shown in figure 3.4, there is a significant

increase in ATP release from RBCs under hypoxic condition over RBCs under normoxic
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Figure 3.4: ATP Release and Inhibition from Hypoxic RBCs: As shown in figure 3.4, ATP release
is significantly greater (n=3 human samples) under hypoxic conditions (*p < 0.03). Furthermore,
this ATP release is inhibited, or significantly reduced in the presence of 100 uM or 200 uM di-
amide (*p < 0.03)
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conditions. Furthermore, RBCs incubated with diamide, a known cell membrane stiffener,
reduces the increase in hypoxic RBCs to that of normoxic RBCs.
3.3.6 TEER Data Processing

An important component in achieving the reproducibility necessary for this work
was culturing the endothelial cells on the microfluidic device long enough to achieve re-
producibly confluent layer. The cell culture time was verified using a microfluidic trans-en-
dothelium electrical resistance measurement, developed in collaboration with Paul Vogel,
within the Spence group. An example of the data obtained from the TEER system is shown
in figure 3.5, where a square wave excitation potential was applied across the cells from a
common aluminum electrode under the cell layer, to a copper electrode temporarily placed
in the cell media for the duration of the measurement (tens of seconds). From this ap-
plied potential square wave, a current is measured which is characteristic of an RC circuit,
having an exponential functional form as described in equation 3.1, where I is current, t is
time, R is resistance, and C is capacitance

3.1 I(t)=1, eVRC

These RC current decays were then integrated with respect to time to achieve a
value in coulombs, which is indirectly proportional to resistance as shown in equations 3.2,
where Q is charge, and V is voltage.

3.2 JQ at=0l/ot+c=V/R

As charge is inversely proportional to resistance, the charge should reach a minimum

value at maximum cell confluency, as opposed to the commercial system which displays a

resistance value, and maximum confluency is achieved when resistance is at a maximum.
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Figure 3.5: TEER system for determining endothelial cell confluency: (Top) is the perturbation
used in the system, a square wave at 20 Hz. (Bottom) The resulting current through the electrodes
was then measured, and an example output is shown in the bottom. These current versus time
curves were then integrated, and the resulting charge values averaged for a set of 40 decays to
produce a TEER signal, in units of charge.
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Using this system, an optimal culture time of 8 hours was determined for endothelial cells
on a microfluidic device.
3.3.7 NO Above Endothelial Layer Measurement

After reproducible confluent layers of endothelial cells could be cultured on the
microfluidic device, and the verification shown in figure 3.3 that NO standards did not
cross a confluent layer of endothelial cells, it was then desirable to determine the effect
of RBC released ATP and NO on the amount of NO that is observed pass an endothelial
barrier. Therefore, a set of inhibition studies were performed on both the endothelial cells
and RBCs in which diamide was used to inhibit RBC ATP release, and L-NAME to inhibit
endothelium NO synthesis. As shown in chapter 2, and figure 3.4, hypoxic RBCs release
both NO and ATP. The RBC NO release does not have a known inhibitor, but ATP release,
with a well understood pathway, has several. Diamide was chosen in this case as it is
known to stiffen RBC membranes, reducing ATP release. While RBC NO release cannot be
inhibited, endothelial NO release can be inhibited with L-NAME, an arginine analog which
is a competitive inhibitor for eNOS.

As shown in figure 3.6, two sets of experiments were performed for each RBC
sample: one on endothelial cells with L-NAME, and one on endothelial cells retaining
eNOS function. In the presence of hypoxic RBCs, a significant increase over 7% RBCs
was observed in NO production; however no significant difference was observed in en-
dothelial cells treated with L-NAME. Furthermore, RBCs treated with diamide prior to

exposure to hypoxic conditions did not result in an NO significant increase over normoxic

82



1000 4 W bPAECs |
r 1 bPAECs + L-NAME %
i *
[ | -
800 - |
g 600 1
=
o) [
Z. 400 -
200 4

Figure 3.6: NO Past Endothelial Barrier is Endothelial-Derived. Calibrated to NO standards above
the membrane, significantly more NO (p < 0.05) is detected in the presence of hypoxic RBCs,
but not when endothelial NO is inhibited with L-NAME. Furthermore, incubation of RBCs with
diamide prior to inducing hypoxia and flowing under the microfluidic device, no difference is
observed, suggesting the NO which is detected requires both eNOS function and ATP release from
the RBCs.
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RBCs (n=4 devices). These findings suggest that NO which is able to cross an endothelial
barrier requires both eNOS function, and ATP release from hypoxic cells.

3.4 Conclusions

3.4.1 Cell Culture and NO detection on Microfluidic Devices

One of the most integral requirements of these experiments was the quality of cells
used in culture on the microfluidic device. While little difference was observed in rela-
tion to cell division number, health of the cells, as judged by presence of vacuoles, was
important, to ensure the presence of healthy cells. Furthermore, minimizing time exposed
to trypsin in cell culture was also important to obtaining NO signals simply in the presence
of exogenous ATP, as observed in device optimization.

In addition to cell culture, one of the largest challenges in this work was obtaining
a signal from the low concentration of NO released from a relatively smaller number of
endothelial cells relative to the number of RBCs investigated in chapter 2. Reducing the
well diameter, and ultimately the well volume by a factor of approximately 3 allowed the
NO released by the endothelial cells to be at a sufficiently high solution concentration to be
above the detection limit of the DAF-FM probe in the plate reader. Furthermore, the addi-
tion of a well plate, with the bottom removed, as a guide for microfluidic device alignment
greatly simplified the process of aligning a microfluidic device in the plate reader.

As in this experiment, NO which reached beyond an endothelial layer was more
relevant to predicting vasodilation than that released in a flowing channel, calibration was
somewhat simpler, as standards DEANO standards could be pre-mixed with DAF-FM off
chip, and then pipetted onto wells contained in the microfluidic device prior to experimen-
tation. As standards did not require flow, they did not need to use the available flow chan-
nels, so that more replicates of the different inhibition studies could be performed on each

microfluidic device. Also, obtaining linear response of DAF-FM to DEANO standards
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required incubation at 37 °C, requiring the microfluidic device to be housed in a humidified
oven during experimentation, potentially increasing the response of the endothelial cells
over previous work where room temperature was used.

In determining the optimal linear range for endothelial cell investigation a series of
stimuli which were easy to reproduce included 1 uM ATP in HBSS, which is known to ac-
tivate purinergic receptors on endothelial cells, and 100 uM acetylcholine, which causes an
increase in intracellular calcium in the endothelial cell. Both suggested that a linear range
between 300 nM and 1200 nM would be an effective choice for observing endothelial NO
release.

Once reproducible endothelial cell culture could be achieved, and in particular the
time needed for a layer of cells on a polycarbonate membrane to reach constant confluency
was determined, NO standards, in the absence of RBCs, were pumped underneath layers
of endothelial cells, and through bare membranes, and the NO which crossed the barriers
determined. In the absence of endothelial cells, standard curves similar to those used in
chapter 2 were observed, but in the presence of endothelial cells, the NO which crossed the
endothelial barrier was significantly reduced, suggesting that RBC derived NO may not
cross an endothelial barrier.

3.4.2: Inhibition Studies of ATP Release and eNOS-derived NO

It is not possible under hypoxic conditions to inhibit NO release from RBCs; there-
fore it was desirable to verify the ability to inhibit ATP released using previously known
mechanisms?2. Diamide was chosen because it is known to stiffen RBC membranes, re-
ducing ATP release as a result of hypoxia. To validate the function of the inhibitor, RBCs
were treated with diamide, then centrifuged, then made hypoxic with the Oxyrase enzyme

system. As shown in figure 3.4, a significant increase over normoxic RBC ATP release (p <
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0.03, n=3 human samples) was only observed in hypoxic samples without diamide, show-
ing the effectiveness of diamide as an inhibitor.
3.4.3 TEER Measurements on a Microfluidic Device

After reliable quantitative determination of NO and ATP inhibition were achieved,
reliable cell culture was needed to improve the reproducibility of these experiments, in
particular those used to obtain figure 3.3. The integral component to achieve this reproduc-
ibility came from a project with another student in the lab. The goal of this project was to
determine when endothelial cells on a microfluidic device were at optimal confluency, with
the intention that this system would be used in blood brain barrier permeability studies. In
this project, a LabView based system which, as shown in figure 3.5, applied a square wave
potential across a cell layer, measured and recorded the resulting current, and in real time
was developed. The resulting current was integrated as a function of time to obtain charge
passed across the cell barrier in a given pulse. This signal was then inversely proportional
to the resistance, or confluency of the layer. Using this technology, we showed that en-
dothelial cells do not reach a constant confluency for at least 8 hours after culture onto a
microfluidic device, and considering that previous attempts only used one or two hours of
incubation time to achieve confluency, it was suspected that an extended incubation time
would allow for a more confluent, and therefore more accurate model to study transport of
compounds across an endothelial barrier. After implementation of an extended incubation
time, the data obtained in figure 3.3 was much more reproducible.

3.4.4: NO Available to the Smooth Muscle Requires RBC ATP Release and eNOS
Function

Once reliable cell culture and manipulation of RBC ATP and NO release were
achieved, investigating the cell-to-cell communication between the RBC and endothelial
cells was possible, and it was possible to determine the origin of the NO which was able

to reach the upper side of the endothelial barrier. To detect this NO, the DAF-FM extracel-
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lular probe was utilized to detect NO as opposed to the intracellular diacetate form used
previously in our group, because we were interested in determining how much NO would
be able to access the smooth muscle. One potential outcome for the NO released from the
RBC is that it diffuses across the endothelium membrane, as it is lipophilic, and then con-
sumed intracellularly in the endothelium. If the intracellular probe was used, there would
be no way to determine the source of the NO.

Furthermore, from the work in chapter 2, it is known that the microfluidic system
utilized to model a blood vessel in vitro does not obstruct transport of NO across the poly-
carbonate membrane; indeed these devices can be used to determine NO release from the
RBCs. Therefore, if RBC released NO is not observed to cross the endothelial barrier, the
endothelial cells must be preventing its potential transport to the smooth muscle.

Figure 3.7 shows NO which is above an endothelium, calibrated to standards pipet-
ted onto separate wells on the same microfluidic device. The first set of data in figure 3.7
indicates basal NO release from endothelial cells in when RBCs are pumped underneath
with no stimulus for ATP nor NO release, however basal levels of both are likely present.
Signals of less than 500 nM are consistent with previous experimental results!. Values
reported in Hulvey et al. are slightly lower than those reported here, however instantaneous
electrochemical investigation was used there, in a smaller volume, whereas here we are
using a large volume, but integrating (with the DAF-FM probe) the NO over the course of
30 minutes.

The second set of bars in figure 3.7 show a statistically significant increase in NO
detected above the endothelial layer when endothelial cells are exposed to hypoxic RBCs.

Importantly this increase is not observed when endothelial NO production is inhibited with
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L-NAME. Therefore, this suggests the NO observed beyond the endothelium in the pres-
ence of hypoxic blood components is endothelial derived.

The third set of bars shows the NO detected above the endothelial barrier when
RBC ATP release is inhibited by diamide, as shown in figure 3.4. In this case, the NO de-
tected above the cell layer is significantly reduced from the increase seen for hypoxic RBCs
interacting with NO-synthesis active endothelial cells, showing the NO which crosses the
endothelial barrier is ATP-mediated. It is worth noting that after incubating RBCs with
diamide, the NO release, using the device described in chapter 2, is statistically equivalent
(n=3 samples) to those not incubated with diamide, therefore, diamide does not affect RBC
NO release.

Considering the data shown here and in chapter 2, we now know that hypoxic RBCs
release increased amounts of both ATP and NO. This data shown in figure 3.3 suggest NO
which is pumped under an endothelial barrier is prevented from crossing this barrier, and
then the data shown in figure 3.7 suggest NO released from hypoxic RBCs does not cross
the barrier as well. ATP however, as suggested by diamide inhibition, does play a role in
the NO which crosses the endothelium; specifically, when ATP release from hypoxic RBCs
is inhibited by diamide, a significant increase in NO above the endothelial barrier is not
observed.

Considering these findings, this data suggests that NO increase which is available
past an endothelial layer resulting from hypoxic RBCs is observed only with ATP release
from the RBCs and when eNOS is not inhibited, showing a major role for RBC ATP release

in vasodilation.
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Chapter 4: Improved Control of Hypoxic Environments in Microfluidic Models
4.1 Introduction
4.1.1 Methods of Achieving Hypoxia and Applications to Sickle Cell Anemia

Previous investigations in the Spence group have used either purging with nitro-
gen! or the Oxyrase enzyme system? to create an hypoxic environment for red blood cells
(RBCs). Careful implementation of nitrogen purging provides an opportunity to achieve
specific oxygen concentrations for investigating intermediate levels of hypoxia, but the
oxygen concentration in solution must be measured after each purging. That is, the cre-
ation of hypoxic conditions using nitrogen purging typically is discrete in nature. The
Oxyrase system has the advantage of being simple and stable over a long period (hours),
but only allows investigations to be performed under continuously hypoxic conditions, as
reoxygenation cannot easily occur, because the enzyme is always present in the system.
In this case, the system is rather binary, as the oxygen tensions will either be saturated or
near anoxic levels.

Hypoxic conditions are known to influence the RBC and its ability to participate
in the regulation of vascular tone through the release of nitric oxide,* and adenosine
triphosphate (ATP).!> 5-7 Furthermore, the behavior of the RBC, with respect to the release
of ATP, can vary with shear stress induced by flow.® Based on the ability of the RBC to
respond to hypoxia and flow-induced shear, it would be desirable to investigate the effects
of hypoxia on the function of the RBCs in flowing streams.

Besides the RBC’s response to hypoxic conditions, there are other motivations for
creating a flow-based system with exquisite control of oxygen levels. Specifically, a recent
interest of the Spence group is the investigation of the mechanism of hydroxyurea,’ the
only proven therapy for people with sickle cell disease. Due to the importance of oxygen

and the kinetics of hemoglobin-based sickling and polymerization in the RBCs of people
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with sickle cell disease, it was anticipated that the development of a system that enabled
oxygen control in real time and in a flowing stream would benefit studies involving sickle
cell RBCs, such as rates of hemoglobin polymerization.

In order to improve the reproducibility involved in performing experiments at in-
termediate oxygen concentrations, to improve the rate at which oxygen concentration can
be changed, and to precisely know the oxygen concentration of a flowing solution, it is
necessary to develop a microfluidic system capable of controlling intermediate oxygen
concentrations and accurately determine the concentration of oxygen in a flowing system
with high precision.

4.1.2 Classical Electrochemical Detection of Oxygen

While fluorescence based techniques for detecting the oxygen concentration in an
aqueous solution do exist!?-12, the integration of electrochemical sensors into microfluidic
channels enables a simpler approach to determining the oxygen concentration in flowing
solutions. This is because the signal to noise ratio in an electrochemical sensor is reduced
as the dimensions are reduced (specifically the electrode area!3) and because the signal is
proportional to concentration, as opposed to optical techniques that can be dependent on
the number of moles imaged at a given time, or path length (which can be significantly re-
duced in microchannel based systems). Furthermore, by merging technologies developed
by Martin et al.,!* electrochemical sensors can be more reliable, reusable, and easier to
fabricate than previously reported attempts.!-17
Amperometric based detection of oxygen has been established for several de-

18,19

cades, and is commercially available (typically known as the Clark electrode, after its

first developer) in physical formats similar to a pH electrode. In principal, an amperometric
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Ag/AgCl Ref.
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Cap with Nylon membrane

Figure 4.1: A Commercial Clark Electrode: Commercially available from VWR, this electrode has
a coaxial electrode system with a silver chloride outer layer with a platinum disk inside. This disk
is polished before use (not the reference portion). The cap is filled with the electrolyte solution
prior to sealing. The cap contains a nylon membrane which, when screwed tightly to the body,
seals over the electrode. The handheld portion of the meter contains a potential source and a means
for measuring the current, along with software to perform calibrations.
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oxygen sensor functions by reducing oxygen at either a gold or platinum working electrode
by reaction 4.1:
4.1 O,t4¢ +2H,0— 4 OH"

In practice however, there are several key challenges to long-term operation of an
amperometric sensor detecting the reduction of oxygen. First, the reaction listed in 4.1
does not always go to completion, as hydrogen peroxide can be formed as an intermediate
by two electron reduction of molecular oxygen.2? Secondly, the kinetics (and therefore the
resulting current in the amperometric measurement) of this reaction are very temperature

t,2! presenting a significant challenge during calibration. These problems can

dependen
(and have) been overcome by using materials compatible with hydrogen peroxide, separat-
ing the hydrogen peroxide from cell layers with a physical barrier, by using high pH buffer
solutions so the pH change is negligible, or through the use of relative calibration, the
most frequent of which involves normalizing the observed current to that of a completely
oxygen saturated solution.

While other materials have been investigated,2224 the large negative potentials
(-850 mV vs. a quasi Ag/AgCl reference) used for this reduction reaction, in addition to
the pH restrictions mentioned above, restrict the electrode material choice to either gold or
platinum. These restrictions are not overly-limiting, however, because the epoxy encasing
technique used to form the disk electrodes for a microfluidic device is compatible with
these metals.

Due to the high reduction potentials used, and the desire to utilize the sensor with
biological samples, a membrane must be placed between the electrochemical sensor and
the sample, as shown in figure 4.1. This membrane must be oxygen permeable,2> but also
resistant to fouling by samples presented to the sensor. Furthermore, it should not be perme-

able to any other species present in the sample that can be reduced at the applied potentials.
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In addition, the membrane should allow for selection of an electrolyte solution without
concern of its impact on the biological samples and enable the use of a high pH buffer, as
the PDMS membrane is not permeable to protons.

Several membrane materials have been utilized since the development of the
Clark electrode including nylon, Teflon, Mylar, cellophane, latex and polydimethylsilox-
ane (PDMS).25 Of these, nylon is most frequently used in commercial implementations
because of its mechanical robustness, high resistance to biofouling, and its high oxygen
permeability. PDMS, however, offers higher oxygen permeability, and is easily fabricated
into desired shapes and thicknesses. Furthermore, a fairly complete understanding exists of
the fouling characteristics of PDMS in the presence of our desired samples (blood compo-
nents). PDMS is not without limitations; it offer less mechanical stability, which has been
a challenge in its use in some laboratory settings such as screens and assays requiring high
throughput.

While there are examples in the literature of Clark electrode integration into micro-
fluidic devices,!? it is the goal of the work presented as part of this thesis to use a simpler
fabrication technique enabling reusable electrodes, which greatly reduce the complexity
and cost of using such sensors. Developed by Martin’s group,!# this technique involves
fabricating an epoxy disk that has a gold (working) wire and silver (reference) wire cured
into it. These can then be sanded to form disk electrodes flush with a flat surface, ideally

suited for sealing a microfluidic channel. A robust sensor fabricated in this manner can then
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be easily integrated into a microfluidic system that controls oxygen concentration and/or
monitors oxygen concentration in a channel.
4.2 Methods
4.2.1 Verification of Oxyrase Function with Commercial Clark Electrode

Oxyrase enzyme solution was purchased and used as-is from the manufacture, was
used as a convenient way to deoxygenate buffer samples in a predictable and reproducible
manner without excess foaming of the solution, which frequently occurs when purging
with inert gases. It is dissolved at a concentration of 1:10 (from the original, purchased so-
lution) in buffer, and after 30 minutes the buffer is typically hypoxic as shown in figure 4.6.

The rate of deoxygenation was measured with a commercially available Clark elec-
trode from VWR using their pH Symphony system. The commercial electrode consists of
a coaxial electrode configuration with a platinum disk at the center, and a Ag/AgCl quasi
reference. The electrolyte solution is a KCl solution buffered to neutral pH. The working
electrode is polished before each use, and the electrolyte solution changed after polishing.
The oxygen permeable membrane is nylon sealed to a threaded cap that can be screwed into
place for mechanical stability. It is calibrated to the flux of oxygen across the membrane
(a known value in internal lookup tables) in a 100% relative humidity atmosphere. The
commercially available sensor is also temperature corrected, however temperature changes
were not observed in these experiments. To observe the rate of Oxyrase consumption of
oxygen, signal readout was manually recorded from the commercially available sensor.
4.2.2 Deoxygenation with Sodium Sulfite, Argon and Oxyrase

In testing the microfluidic oxygen sensors, solutions were deoxygenated by several
means, the most popular being oxygen consumption by reaction with the sulfite ion. The

use of Oxyrase to produce deoxygenated solutions was summarized in 4.3.1. All methods
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of deoxygenation were confirmed using the commercial Clark electrode prior to use in the
microfluidic system.

The simplest method for deoxygenating a solution is similar to that described in
chapter 2 for the nitric oxide standards, namely purging with an inert gas. In our lab, nitro-
gen and argon have been frequently used, and these can show complete deoxygenation of
a solution in less than 10 minutes.

Sodium sulfite was used to deoxygenate solutions as the sulfite ion reacts with
molecular oxygen according to reaction 4.2:

4.2 280,72 + 0,280,

To provide validation of the microfluidic based sensor against the commercial
sensor, various concentrations of sodium sulfite were prepared and the signals from the
commercial sensor compared to those of the microfluidic sensor.

4.2.3 Fabrication of Epoxy Enclosed Disk Electrodes!*

As summarized in figure 4.2, Armstrong C-7 epoxy and curing agent were used as
received from Ellsworth Adhesives. A PDMS mold was prepared by mixing 10:1 PDMS to
curing agent then curing the PDMS on a silicon wafer. A retaining ring for the epoxy was
prepared from the same 10:1 PDMS by pouring it between a glass ring fabricated in the
MSU glass shop and a 4 inch petri dish lid. The retaining ring is sealed to the flat piece of
PDMS, forming the mold.

The bulk epoxy and curing agents are mixed 100:6 in a polypropylene centrifuge
tube and centrifuged at 500 g for 3 minutes to remove bubbles. Vacuum cannot be used to
degas the epoxy, such as with PDMS, because the epoxy curing agent is volatile. The de-
gassed mixture is then poured in the mold and heated for 5 minutes in a convection oven at
75 °C to decrease the viscosity of the mixture. Polished gold wires (200 um diameter) and

a polished silver wire (2 mm diameter) are placed in the epoxy and allowed to cure at room
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Figure 4.2: Fabrication of epoxy disk encapsulating disk electrodes: In fabricating the epoxy disk containing the electrodes, wires are
placed into uncured epoxy, and the epoxy is cured. The resulting disk is then sanded until exposed wires are evident. Lastly, a channel is
cut into the epoxy disk using a rotary tool, and a 1/16 inch fitting secured to the opposite side with JB Weld, producing the final electrode
disk.
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temperature overnight, which will result in hardening. The epoxy is then cured in the oven
at 75 °C for 12 hours to finalize curing. The initial curing process is slow (i.e., performed
at a lower temperature) to allow escaping of formed bubbles. The final high temperature
curing is necessary to ensure complete curing.

After curing, the epoxy disk is removed from the mold, and sanded in progression
from 80 grit sandpaper through 500 grit sandpaper until disk electrodes are visible, as
verified with a conductivity meter (very thin nonconductive layers of epoxy are not easily
visualized). If bubbles form near the electrodes, they can then be filled with epoxy and
the sanding process repeated. After completion of the sanding process, the electrodes are
polished with a suspension of 0.5 micron alumina in water on a felt polishing pad.

To verify solutions were not leaking along the side of the electrodes, a 200 um wide
by 100 pm tall channel in PDMS was sealed to the electrodes, and 20 ppm fluorescein
in phosphate buffered saline was pumped over the electrode for one hour. Fluorescence
micrographs were then taken to verify the absence of permeation along the length of the
electrode.

In some studies, a channel was fabricated in the epoxy by milling with a 1/32 inch
engraving bit and a rotary tool. The depth of the channel was controlled by placing the
epoxy disk on a lab jack, and elevating it slowly.

4.2.4 Flow Injection System for Oxygen Detection

Summarized in figure 4.3, a flow injection system was assembled using a 6 port
valve (VICI Inc., Houston, TX) and quartz capillary tubing (Polymicro, Phoenix, AZ).
Early investigations suggested the Tygon tubing typically used in the lab was somewhat
oxygen permeable, thus suggesting the use of the quartz tubing. Syringe pumps (Harvard
Apparatus) along with 500 pL gastight syringes (Hamilton Inc.), were used to propel solu-

tions at flow rates ranging from 0.5 uL/min to 10 pL/min. These syringes were luer-termi-
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Figure 4.3: Flow injection system used for oxygen detection. Figure location: Shown above is the
flow injection system used to inject samples of oxygenated or deoxygenated buffer onto the mi-
crofluidic device. Shown in the bottom is the method for changing the solution in the oxygenation/
deoxygenation region from oxygenated to deoxygenated buffer. A switching valve is used between
two pumps, and all connections made by quartz capillary tubing, allowing for minimal off-chip
dead volumes in changing the solutions
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nated, and 100 um ID capillary tubing was attached to the male luer terminaton through
an adapter that enables conversion to the standard 10-32 fitting, which was subsequently
adapted to the outer diameter of the capillary tubing with a polymer sleeve.

The length of capillary tubing between the syringe pump and valve was approxi-
mately 30 cm in length, mostly for convenience. The injection loop consisted of varying
pieces of capillary tubing, usually 250 pm ID having lengths ranging from 10-30 cm. The
valve was connected to capillary tubing 100 pm in ID, and approximately 15 cm long. The
device-to-capillary connection was made by removing the polyimide coating from 7 mm
of the end of the capillary through flame exposure, then securing a stainless steel tube over
this with JB Weld, producing a reliable, low volume termination compatible with the inlet
design mentioned in Chapter 2.

4.2.5 Validation of Flow Injection System with Fluorescence Microscopy

In order to verify the functionality of the flow injection system independently from
the electrochemistry, in addition to characterizing the time between injection and detection,
custom software was developed in order to employ our existing Olympus MVX10 with
mercury arc lamp excitation, fluorescence filter assemblies and Hamamatsu ORCA-ER
camera in a same matter as a laser induced fluorescence system.

The flow injection system described in 4.3.5 was used to inject a sample of 10 ppm
fluorescein into a 200 um wide channel sealed onto a polystyrene Petri dish at 3 pL/min.
The microscope was configured to use a FITC filter cube assembly, which has an excita-
tion bandpass filter allowing 458 nm through 500 nm light to pass, a dichroic mirror with

a cutoff at 510 nm, and a bandpass emission filter allowing 510 nm through 560 nm light
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to pass, and the optics arranged to have an area of channel approximately 1 mm long fill
200x200 pixels on the camera.

Software to provide fluorescence as a function of time (a feature not available on
the software which came with the instrument) was written using LabView 2010 (National
Instruments) and Hamamatsu’s freely available LabView driver version 2.0.1. Also re-
quired on the computer is a 1394 (FireWire) interface and the latest DCAM drivers. It is
worth noting that the latest DCAM drivers are incompatible with the Olympus software,
yet required for the Hamamatsu LabView drivers.

The software is configured to sum the signal values of each pixel of a defined image
area, and plot this as a function of time. Due to restrictions with the camera’s rate at which
it can capture an image, data collection rates were limited to approximately 15 Hz. Camera
parameters such as exposure time (which also fundamentally limits data collection rate)
and pixel binning configurations are available as well.

4.2.6 PDMS Membrane Fabrication

Membrane fabrication (shown in figure 4.4) begins with a clean silicon wafer. As
summarized in Chapter 2, a layer of featureless SU-8 is cured onto the wafer through
lithography because PDMS is less adherent to SU-8 photoresist than bare silicon. Next, a
square shaped feature, allowing space for the electrolyte solution after device fabrication,
is prepared by placing an additional layer of SU-8, approximately 40 um thick, using the
thinned photoresist techniques described in Chapter 2. This is followed by development,
producing the master used for membrane fabrication.

PDMS of lower viscosity is prepared by mixing 5 g of 10:1 PDMS with 1 g of
toluene. This mixture is then poured onto the master and spin-coated at 500 rpm for 15

seconds, then 1000 rpm at 30 seconds. It is then cured for 30 minutes at 75 °C. To facilitate
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Figure 4.4: Fabrication of PDMS membranes: As shown above, a master is prepared with two
layers of SU-8, the top layer containing a square feature which will hold the electrolyte solution
above the working electrodes. Below is shown the process of casting a PDMS membrane and
subsequent sealing of the channel above the membrane.
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removal of the thin membrane, a bead of 10:1 PDMS is poured around the outside of the
membrane.

A channel with features punched (inlets and outlets), along with the membrane
still on the master, are cleaned with isopropanol, dried, then exposed to air plasma for 2
minutes. The channel and membrane are irreversibly cured together, followed by removal
as a single unit. This completed device is then placed over the electrolyte solution.

4.2.7 Operation of Electrochemical Oxygen Detection Device

The epoxy disk containing electrodes is polished, and a AgCl layer is formed on
the silver disk by electrolysis from a 3 M KCI solution using a 9 V battery as a potential
source. Next, 3 puL of electrolyte solution (100 mM KCI, 25 mM TRIS at pH 10) are pipet-
ted onto the electrodes, and the completed membrane-channel assembly is placed over the
electrolyte solution. The flow injection system described in 4.3.4 is connected to the inlet,
and the outlet is plumbed to waste off-chip. The outlet plumbing is in contrast to many
devices used in the group but was performed in this application because collection of waste
over the electrodes can result in changes in baseline signals.

Cyclic voltammetry, operated between 0 V and 1.0 V at 0.1 V/sec, with a quasi-
reference system was used to determine that 850 mV versus the Ag/AgCl quasi-reference
electrode was the potential to be used for amperometric detection of oxygen.

4.2.8 Observation of Linear Response of Microfluidic Device to Oxygen

While it is desirable to verify linear response of the microfluidic sensor to oxygen, it
is difficult to produce reliable oxygen standards for measurement in the laboratory. There-
fore, to verify linear response, solutions of varying oxygen concentration were made by
measuring precise volumes of 100 mM sodium sulfite into oxygenated solutions, then mea-

suring these solutions with the flow injection system and comparing these signals to those
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Figure 4.5: Final Device for Measuring and Controlling Oxygen Concentration: Shown in the left
portion of the device is a region where a flowing sample can equilibrate oxygen concentration
with a larger lower channel. The resulting change will then be measured in the right portion of the
device at the Clark electrode fabricated within the epoxy. The waste would then be available for
integration into other devices.
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obtained using a commercially available oxygen electrode. This allows for verification of
the standard concentration immediately before measuring on the microfluidic system.
4.2.9 Assembly of Device to Control Oxygen in Channel

The membrane and analytical channel assembly, which are irreversibly sealed to-
gether as described in section 4.3.5, are reversibly sealed to the electrode disk after addition
of electrolyte solution. The bottom channel, in the epoxy disk, is much larger than the
analytical channel, and contains an oxygenated or deoxygenated solution that is controlled
by a switching valve as shown in figure 4.3. The top channel contains oxygenated buffer
whose oxygen concentration can be controlled by adjusting the flow rate of the solution
and the channel width. Controlling the oxygen level in this channel will enable control of
the rate mass transport of oxygen across the membrane. The electrochemical sensor after
the region where the two channels interact is then used to determine the change in oxygen
tension. A diagram showing the complete device is summarized in figure 4.5.
4.3 Results
4.3.1 Deoxygenation Methods with Commercial Electrode

To briefly describe current efforts at making hypoxic solutions in the Spence group,
and to verify the function of both our Oxyrase enzyme system and our commercially avail-
able Clark electrode, oxygen concentration in a Hanks’ Balanced Salt Solution was moni-
tored as a function of time after addition to Oxyrase. As summarized in figure 4.6, both
the Oxyrase enzyme system and purging with a noble gas achieve deoxygenated solutions
within 800 seconds. However Oxyrase deoxygenates solutions linearly, whereas the de-
crease in oxygen tension when purging with noble gases is exponential. Importantly, for
many experiments requiring stability in oxygen concentration, Oxyrase maintains a deoxy-
genated solution for up to two hours. In comparison, samples purged with noble gases can

re-oxygenate by exposure to atmospheric oxygen. The deoxygenation of an HBSS solution
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Figure 4.6: Deoxygenation rates of methods used in hypoxic investigations: Three methods of
deoxygenation were investigated; first addition of sodium sulfite to solution caused a rapid and
sustained deoxygenation. Argon purging resulted in deoxygenation, but this was susceptible to
reoxygenation. All methods resulted in deoxygenation in 800 seconds.
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with sodium sulfite, exemplifying the rapid reduction in oxygen concentration that occurs
with this method of deoxygenation, is also shown in figure 4.6.
4.3.2 Validation of Flow Injection System

To periodically validate the syringe pumping systems and flow injection systems,
fluorescein injections were made into a channel similar to that used for electrochemical
investigations. These precision of the obtained signals confirmed that the system was a
reliable method to verify the function of the flow injection system, and the flow injection
system was sufficient for use in characterizing the electrochemical systems.

4.3.3 Validation of Microfluidic Electrochemical System

Once the flow system was determined to be robust, validation of the microfluidic
electrochemical system was required. This was performed in two steps; first verifying that
the electrode-epoxy-channel interface does not leak, and is stable over several hours, and
secondly, by performing electrochemical measurements on a reliable system such as the
redox chemistry of the ferricyanide ion.

To verify no leaking in the channel or electrode, a PDMS channel was prepared
and sealed over the electrodes, and a 10 ppm fluorescein solution was pumped through the
channel for 2 hours. As shown in figure 4.8, no leaking is observed from the channel or
around the electrode throughout the course of the experiment.

After verifying the stability of the fluidic portion of the devices, it was desirable to
verify the electrochemical reliability with a stable system. First, to compare the Ag/AgCl
quasi-reference electrode to a standard Ag/AgCl reference, cyclic voltammetry (CV) was
performed to analyze the redox properties of the ferricyanide ion. An example voltam-
mogram investigating this system is shown in figure 4.9.

Once the potentials that should be used to operate in a mass transport limited

regime were determined, flow injection was used to verify the amperometric long-term
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Figure 4.7: Validation of Injection System with Fluorescence as a Function of Time: Shown here
is fluorescence as a function of time data validating the use of a large injection loop. Such an ex-
periment was periodically necessary to verify a lack of clogging in the flow injection system, and
also to determine the time from injection to detection independent of the membrane limited mass
transport in the electrochemical system.

111



Before Flow After Flow

Figure 4.8: Validation of Seal Between Epoxy and PDMS: To verify no solution leaking from the
channel, or along the length of the electrode into the epoxy, a picture was taken before and after
flowing fluorescein over the electrodes in two hours. In the first picture, we see some autofluores-
cence around the working electrode that is present in the final image as well.
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Figure 4.9: Cyclic Voltammetry of Potassium Ferricyanide on Microfluidic Device: Shown here
is a voltammogram of 5 mM ferricyanide for the particular Ag/AgCl quasi reference electrode,
indicating the potential of the quasi-reference relative to a standard redox system.

113



nnminnnnamne
S EREREERER
20 ] l

0 200 400 600 800 1000 1200 1400 1800 1800

Time (seconds)

Figure 4.10: Reliability of electrode system verified with ferricyanide injections: As shown in
this example, current resulting from injections of 1 mM potassium ferricyanide show peak area
reproducibility of less than 5% RSD over the course of three hours (x-axis shortened here so peak
detail can be seen) . This shows the reliability in both the flow injection system and electrochemi-
cal systems for a reliable redox system.
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Figure 4.11: Cyclic Voltammetry of an Oxygenated and Deoxygenated Solution: Shown here in
grey is the cyclic voltammogram of an oxygen-saturated solution at the gold working electrode,
and that of a purged solution in black. Note that a diffusion limited region for oxygen appears

beyond about -775 mV, suggesting its use as an amperometric potential for the investigation of
oxygen concentration.
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Figure 4.12: Repeated injections of oxygen rich solutions into oxygen poor buffer: Shown here
is a series of injections of oxygen rich solution into a deoxygenated solution. Peak area RSD was
less than 7% RSD over the course of two hours.
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Figure 4.13: Linear Response of Microfluidic Sensor to Oxygen: source: Shown here is the re-
sponse in peak current of the microfluidic oxygen system as a function of the response of the com-
mercially available sensor for a series of sodium sulfite solutions. Similar linearity was observed
for n =4 devices. (R2 =0.97 +/- 0.02). Note that at low oxygen concentrations, linearity is lost, as
the commercial sensor is not sensitive to these low concentrations.
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Figure 4.14: Increase in Channel Width Reduces Peak Area Reproducibility: In an attempt to
increase the mass transport of oxygen across the PDMS membrane, channel width was
increased while channel height reduced to keep a constant volume. Peak area became less
reproducible as width increased, as a result of the decreased mechanical stability of the
wider channel.
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performance of the electrochemical system. As shown in figure 4.10, peak area reproduc-
ibility for ferricyanide injections is better than 5% RSD over the course of several hours,
suggesting the potential of our quasi-reference electrode is stable over the course of such
an experiment.
4.3.4 Reproducibility/function of Oxygen Sensor

Shown in figure 4.11 is a voltammogram of an oxygenated and deoxygenated solu-
tion obtained using the gold working electrode in the epoxy disk. While a clear diffusion
controlled region cannot be observed because of reaction with water, a potential of -850
mV versus Ag/AgCl reference results in a fairly constant amperometric current that is
stable over time. The data shown in figure 4.12 demonstrates this stable current, where
injections of oxygen rich solution into oxygen poor buffer is monitored amperometrically.
Peak areas in these measurements are better than 7% RSD and are reproducible over two
hours, though a changing baseline is present.
4.3.5 Linear Response of Oxygen Sensor to Commercial Sensor

Following the procedure described in 4.3.7, the linear response of the microfluidic
sensor was compared to that of the commercial sensor for sodium sulfite solutions of vary-
ing concentrations, resulting in the calibration presented in figure 4.13.
4.3.6 Device Design for Oxygen Control

Flow rates in the analytical (top) channel were varied between 0.5 and 5 pL/min
while oxygenated and deoxygenated solutions were switched in the lower channel. How-
ever even at the slowest flow rate through a 100 um wide channel, the signal observed at
the oxygen electrode never changed more than 3-4%, suggesting insufficient mass trans-
port in the oxygen exchange region of the device.

To increase mass transport, the channel width was increased while the height was

decreased to maintain a constant volume, but larger interaction surface area. As summa-
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rized in figure 4.14, peak reproducibility in the injection of oxygenated buffer into de-
oxygenated solution resulted in significantly reduced peak area reproducibility as channel
width increased.

4.4 Conclusions

4.4.1: Selection of a deoxygenating system

In the investigation of changes in cellular systems under hypoxic conditions, one of
the first decisions that needs to be made is how to achieve hypoxic conditions. While many
different engineering arrangements exist for establishing oxygen control exist, including
deoxygenated chambers, purging with noble gas or chemical means, they each have their
advantages and disadvantages. In our laboratory, we actively use three methods: purg-
ing with argon or nitrogen, the Oxyrase enzyme system, or oxygen consumption through
sodium sulfite.

While purging with a noble gas has the advantage of being readily available, it is
somewhat more challenging for biological samples because the high protein content in
buffers and samples results in a large amount of foaming in the sample. Furthermore, the
handling of human materials, such as human red blood cells, presents a safety challenge
as the experimenter does not want to accidentally aerosolize these materials potentially
causing a bloodborne pathogen hazard.

Due to these restrictions, the Spence group began using the Oxyrase enzyme system
to achieve deoxygenation. While little is revealed about the mechanism of the Oxyrase
system by its manufactures, experimentally a rate of deoxygenation similar to that seen
with gas purging is observed, as shown in figure 4.6, with both achieving deoxygenation
in about 800 seconds.

Oxyrase has the additional advantage that the enzyme remains in the sample as an

experiment progresses, meaning exposure to atmospheric oxygen does not result in a need
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for re-oxygenation of the sample, as would happen with simple gas purging. This can also
be limiting in the instance of trying to monitor hemoglobin polymerization in sickle cell
anemia, as one cannot easily re-oxygenate a sample.

A third method investigated for deoxygenating samples investigated here is the use
of oxygen-scavenging sodium sulfite. Here, the sulfite will simply react stoichiometrically
with oxygen in solution because it is not an enzymatic system so standardization can be
prepared as described in figure 4.13. Furthermore, as shown in figure 4.6, deoxygenation
occurs rapidly, at a rate that is faster than the commercial Clark electrode can measure.

However, to achieve long-term deoxygenation that is not susceptible to re-oxygen-
ation, excess sodium sulfite is required. Therefore, concentrations between 25-100 mM
are often used to ensure that the de-oxgygenation properties are not exhausted. Concentra-
tions this large may likely have an impact upon cellular behavior, which Oxyrase has been
shown not to affect in numerous cell systems. Therefore, for cellular systems, Oxyrase may
be preferred to sulfite oxygen scavenging, but for the investigation of new oxygen sensing
systems as described here, sulfite’s low cost, rapid deoxygenation, and ease of use in addi-
tion to a lack of protein which can foul electrodes (early investigations used no membrane
when detecting oxygen) make it an ideal method of deoxygenation.

Once reliable deoxygenated solutions were prepared, it became necessary to devel-
op an oxygen sensing system compatible with the micro scale and flowing systems. While
this has been achieved with more complex fabrication techniques involving chemical
vapor deposition steps, !> these more complicated and more expensive fabrication methods
produced electrode systems that are more fragile and limited in reusability, because the
working electrode layers (gold in most cases), were too thin to be polished reliably. The
technology developed in Martin’s lab!# where a working electrode is sealed in an epoxy

disk, and polished to form a disk electrode however offers an exceptionally robust platform

121



for the integration of electrodes into microfluidic systems, as they are can be polished just
like commercially available macro scale electrodes. Furthermore, the epoxy material is
amenable to traditional machining techniques, allowing channels and fittings to be incor-
porated into it.

4.4.2: Flow Injection Systems for Microfluidic Sample Introduction

As a large number of factors can cause baseline drift in electrochemical sensors for
oxygen, it was determined a flow injection system would be most useful in characterizing
the electrodes and their feasibility for oxygen detection. It was also desirable to determine
the response time of the oxygen sensor to oxygen injection, as there is an additional mass
transport limiting feature of the PDMS membrane, in other words, we wanted to know if
the PDMS membrane posed a large barrier to oxygen sensitivity. Therefore, an analyti-
cal technique which could characterize the flow injection system parameters such as time
from injection to signal rise orthogonally from electrochemistry was desired. Fluorescence
monitoring of fluorescein injections was chosen for this because of the reliability of fluo-
rescein fluorescence.

Furthermore, large injection loops (8 pL) relative to the flow rates used were used
in these studies because initially it was thought that one could monitor the rate of mass
transport of oxygen across the PDMS membrane by monitoring the slope at the height of
such a peak. The use of fluorescence monitoring of these large peaks allowed me to verify
that the slope at the top would approach zero. Unfortunately, in the electrochemical sens-
ing of oxygen, while the slope did decrease at lower flow rate (longer time for oxygen to
equilibrate across the membrane), it did not do so reproducibly, so this was not used as a
method to predict mass transport.

Nonetheless, the fluorescence system offered an orthogonal way to verify our flow

and chip systems did not have excess dead volume in any of the interconnects, therefore if
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no peaks were observed in an electrochemical experiment, it must be due to a failure in that
particular experiment or system.

Once the flow systems were configured and determined to be reliable, validation
of the electrochemical sensor could proceed. After fabrication, it is valuable to verify that
there is no leak between the electrode wire and the epoxy, because if solution can leak
slowly into this interface over the course of an experiment, the electrode area, and therefore
the background current will increase. In these cases, the signal does not increase with
the background however because the diffusion distances become too long, and you just
observe a reduction in signal to noise.

Propelling a fluorescent solution over the electrodes for an extended period of time
is a reliable means of verifying the absence of leaking because if a leak were present, it
would collect around the electrode wire, and a bright ring would be observed in the mi-
crograph. As it is not present, and no increase in current is observed in the electrochemical
investigations, it can be concluded that there is no leaking around the electrode.

4.4.3: Electrochemistry in the Microfluidic Device

Next, to verify the function of the two electrode cell and its long term reliability, the
redox chemistry of the ferricyanide ion was exploited, as ferricyanide is a very stable and
robust molecule. Figures 4.9 and 4.10 show the behavior is as expected, and in several ex-
periments run for several hours, the performance indicated in 4.10 is continually observed,
suggesting the electrochemical system would be reliable for several hours. Furthermore,
we expect this reliability to be maintained in the investigation of oxygen redox chemistry,
as a membrane separates the samples from the electrode, preventing fouling.

It was still necessary to validate the long-term (several hours desired for an experi-
ment) reliability of the sensor with oxygen because of several challenges associated with

oxygen detection. Firstly, reaction 4.1 does not always proceed to completion; sometimes
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hydrogen peroxide is formed as a final product, and in the small volume above the elec-
trodes, can form in high concentration, causing electrode fouling. Also, since PDMS is
oxygen permeable, and comprises most of the fluidic system, the effect of oxygen dis-
solved in the PDMS or transporting across the PDMS was unknown. Also, previous reports
suggest that many factors such as temperature or pH can have an impact on the baseline,
and the effects of these in our sensor were not known.

To resolve these concerns, experiments such as those shown in figure 4.12 were
conducted. After verifying the potential to use for amperometric investigation through
cyclic voltammetry, oxygen rich solutions were injected into sulfite deoxygenated buffer.
As seen in figure 4.12, the peak areas are reproducible, but the baseline decreases steadily
throughout the experiment. It is thought that this is the result of oxygen absorbed into
PDMS which slowly decreases in concentration as it is dissolved into the oxygen poor
buffer in the channel.

In addition to verifying the longevity and reproducibility of the oxygen sensor, it is
also desirable to verify the sensor response is linear with respect to oxygen concentration.
Unfortunately, it is challenging to develop reliable and reproducible oxygen standards, so
instead, solutions of varying sulfite concentration were measured both with the commer-
cial oxygen sensor, and the microfluidic sensor. For a given solution, the signal from the
microfluidic sensor plotted as a function of the signal on the commercial sensor, as shown
in figure 4.13. The dark shaded points in the figure were used in determining the line of
best fit as summarized in the caption; however in the low concentration region there were
several points which fall of the line. It was determined these points do not fit the linear
model because the commercially available sensor seems to reach a detection minimum,

as it displays the same value, while the signal from the microfluidic sensor continues to
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decrease with decreasing sulfite concentration, suggesting the microfluidic sensor has a
lower detection limit.
4.4.4 Control of Oxygen Concentration within the Channel

After validation of the longevity of the oxygen sensor, investigations of the use of
a channel underneath the analytical channel, using a device as shown in figure 4.5 were
initiated. As described above, with a PDMS membrane prepared by spin-coating the 10:1
PDMS without any thinning, little mass transport of oxygen was observed in the oxygen-
ation/deoxygenation zone of the device. To increase the mass transport, the membrane
fabrication procedure mentioned above to produce a thinner membrane. This time, oxygen
transport could be observed, but only with a signal change of a few percent.

In order to further increase the mass transport, as membrane thickness had been
reduced as much as possible without frequent tearing, the interfacial area was increased
by widening the channel, while also reducing the height, maintaining a constant volume
in the channel. Unfortunately, it was not possible to determine if this improved the oxygen
transfer rate as the mechanical stability of the channel was significantly reduced. Figure
4.14 shows the resulting current as a function of time plots for oxygen injections into
deoxygenated solution into channels of varying width. As channel width increased, the
reproducibility of the peak areas decreased significantly, and this occurred because the
membrane, which is the fourth wall of the flow channel, was expanding and contracting
in the region above the channel cut into the epoxy disk, causing the flow rate to fluctuate,
resulting in varying current. This was verified by placing the PDMS devices with wider
channels over a portion of the epoxy disk which had no features cut into it, and reproduc-

ibility was mostly restored. There was still a decrease in reproducibility as some expansion
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and contraction likely occurred over the electrode, but the reproducibility was improved
over what is shown in figure 4.14

As previous investigations of RBC biology under hypoxic conditions in our group
have been limited to investigating only hypoxic or normoxic conditions, the development
of a sensor to determine the oxygen concentration in a flowing solution is a necessary com-
ponent for developing the capability to modulate the oxygen concentration in the flowing
solution.

Future work in this area should verify whether the decreasing baseline seen in figure
4.12 is the result of oxygen absorbed into PDMS, because if it is, then other materials for
the channel may need to be considered, such as polystyrene as described in chapter 5. It is
possible that oxygen transport is occurring across the membrane sufficient to change the
oxygen concentration of the solution, but that oxygen immediately equilibrates with the
PDMS channel, preventing its detection at the sensor, and preventing it from having an

impact on the cellular behavior.
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Chapter 5: Conclusions/Future Directions
5.1 Conclusions on Nitric Oxide (NO) Detection from the Red Blood Cell (RBC)
While the DAF-FM fluorogenic probe for nitric oxide (NO) has been used often in
the literature for intracellular measurements of NO production in a variety of cell types!4,
its use has been limited to qualitative studies typically involving fluorescence microscopy
or flow cytometry for readout. While these studies offer insight into NO bioavailability
within cells, the source of this NO is not always clear. Previous work utilizing the intra-
cellular DAF-FM-DA probes for NO detection in endothelial cells*’ concludes that in
increase in intracellular DAF-FM-NO fluorescence is the result of intracellular NO pro-
duction. While inhibition studies suggest the intracellular production by endothelial nitric
oxide synthase (eNOS) plays a significant role in those studies, it is also possible that NO
from outside the endothelial cell diffuses into the cell, and then reacts with the DAF-FM
probe. Furthermore, while though efforts are underway> by other researchers to quantify
NO with these intracellular probes, these efforts have not been attempted until recently.
Here, a device has been developed that can distinguish between NO released from
various cells in a complicated matrix in a flowing stream, allow that NO to react with the
DAF-FM probe in a controlled environment, and simultaneous perform calibration. Lastly,
readout does not require specialized microscopes or imaging software; rather, readout is
obtained by placing the microfluidic device into a microplate reader capable of epifluo-
rescence detection. While NO was the analyte of interest in this case, previous work in
our group® suggests any fluorogenic probe system could be used in such a geometry. Sim-

plifying the detection scheme for our microfluidic system removes one of the significant
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barriers to the implementation of microfluidic technologies outside of academics; the need
to develop custom detection hardware for each analysis.
5.2 Conclusions on ATP-NO Investigations

After developing a microfluidic device capable of detecting NO using a fluoro-
genic probe with a separation step, thereby reducing the effect of the RBC matrix during
NO detection, a long-debated mechanism in the literature could be investigated in a con-
trolled manner.>> 211 Specifically, under hypoxic conditions, it had not been previously
known whether RBC derived NO, or ATP-mediated NO production from the endothelium
results in smooth muscle dilation. It is well-established that NO has a short half life in vivo,
particularly around hemoglobin and thiol-containing molecules such as glutathione and
albumin.!? 13 The work presented within this dissertation suggests this more stable mol-
ecule responsible for the signaling may be ATP released from the RBC, as under hypoxic
conditions, a NO increase above endothelial cells is only observed when the ATP release
pathways and eNOS NO synthesis are not inhibited. It is worth noting that other research-
ers suggest nitrite is this more stable molecule as there have been reports of administration
of nitrite in vivo resulting in vasodilation!4. However, it is known that nitrite can cause ATP
release from RBCs, ! 1© thereby potentially affecting vascular tone in this same manner.

As the microfluidic device developed in this thesis enables the culture of an endo-
thelium barrier within appropriate diffusional distances from the point of NO release (the
hypoxic RBCs), an attempt was made to elucidate the role of hypoxia-induced NO and
ATP release. While many of the inhibition pathways of ATP!7: 18 release from the RBC
have been investigated by the Spence group, studies investigating the downstream effects
on the endothelium with an RBC/NO release stimulant such as hypoxia. Through these
studies, it was determined that hypoxia stimulated RBC ATP release plays a dominant role

in the amount of NO that is available for vasodilation, as determined by the amount of NO
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that can cross an endothelium barrier. These results suggest that the dominant mechanism
responsible for vasodilation under hypoxic conditions requires both the function of ATP
release and eNOS stimulation in the endothelium.

A future direction of this research then would investigate the fate of the NO that
is released from the RBC under hypoxic conditions. That is, if RBC-derived NO does
not play a role in smooth muscle relaxation, then why would the RBC release such high
concentrations (~ single digit micromolar) of NO in response to hypoxia. One possibility
currently being investigated in the Spence lab is the prevention of ATP-mediated platelet
aggregation, which has been shown to exist in our group!® 20. As it has been shown that
NO can reduce platelet aggregation?!, perhaps the NO release under hypoxic conditions
is to prevent platelet aggregation, which would be undesirable when more blood flow is
needed.

5.3 Conclusions on Electrochemical Detection of Oxygen

A shortcoming of the investigations involving the origin of NO that participates in
vessel dilation (described above) is the minimal range of oxygen concentrations that were
investigated. In fact, the concentrations investigated were rather binary; specifically, the
studies were either performed in a normoxic or near anoxic environment. In vivo, oxygen
tensions vary much more between normoxic and anoxic. While investigations of RBC ex-
posure to hypoxia have been performed before in the Spence group!’, the RBC-containing
solutions were sparged for varying lengths of time, resulting in different levels of hypoxia
in the cells, and ultimately a concentration-dependent ATP release. While effective for this
experiment, this technique has several limitations: firstly, this was applied to rabbit RBCs,

and implementing such a technique in human RBCs increases the risk of aerosolizing a
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sample that may contain bloodborne pathogens, though this could be mitigated with proper
engineering controls.

More significantly however, as described above, measurement of the ATP release
occurred very rapidly after deoxygenation. Using our microfluidic system to attempt to
investigate the effects of the resulting ATP release on endothelial cells, these samples,
which were deoxygenated for specific times, would need to be loaded into syringes, and
pumped for 30 minutes. With these multiple sample handling steps, it is plausible the sam-
ples would be re-oxygenated in an irreproducible manner, preventing the investigation of
an oxygen concentration dependent response. Therefore, if the deoxygenation could occur
on a microfluidic device immediately before interaction with the endothelial cells, more
specific control of the experiment could be maintained.

Furthermore, commercially available Clark electrodes for amperometric determi-
nation of oxygen do not perform well in less than 5 mL of solution, requiring far larger
sample sizes than what was typically handled or available in a typical experiment de-
scribed in this dissertation. Therefore, to improve reproducibility and to accurately know
the oxygen concentration in solution, it was desired to integrate the process of measuring
oxygen in a small sample in addition to maintaining the ability to control the oxygen con-
centration within that solution.

As shown in chapter 4, detection of oxygen using an epoxy-immobilized Clark
electrode has been developed. Reproducible oxygen signals can be obtained for repeated
injections, and a linear response from the microfluidic sensor was observed relative to
the signal of a commercially available sensor. With these capabilities, relative (concentra-
tion relative to a saturated solution) oxygen concentrations determination can be readily
obtained. To achieve the most reliable detection, however, the channel should not be con-

structed from PDMS, which is oxygen permeable; instead, polystyrene (or other oxygen
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impermeable materials) should be used, so the channel will have no impact on the oxygen
concentration in the flow channel.

In addition to detection, it is desirable to be able to modulate the concentration of
oxygen within a flowing channel of a microfluidic device. The approach using oxygenated
or deoxygenated solutions as a bulk source or sink for oxygen was chosen because flow of
solutions can be readily controlled, and the diffusion constant of oxygen across PDMS, the
chosen membrane material, increases when solution is on both sides of the membrane?2;
23 Unfortunately, as shown in the end of chapter 4, there are engineering challenges that
result from using thin PDMS membranes over a large surface area, potentially limiting the
application of this technique.

Therefore, it might be easier to contain an oxygen exchange portion of the device
within an airtight box, and switching the atmosphere in the box between oxygen rich and
oxygen poor. There currently exists a large infrastructure of mass flow controllers, or even
bubble flow meters, to control the flow rates of each gas into the box, thereby achieving
reproducible oxygen concentration. Such an implementation would take advantage of the
oxygen permeability of PDMS, and not likely require fabrication in another material.

5.4 Future Directions for Microfluidic Models

Many of the proposed future directions for microfluidic work involving multiple

cell systems, such as those proposed in this dissertation, involve the integration of more

24,25 or in the Spence group, more

cell types onto the device (such as “organ on a chip
blood components such as platelets, red blood cells and endothelial cells), or the integration
of multi-modal detection techniques, such as electrochemistry and chemiluminescence,
onto the device. Both of these approaches are frequently halted by the reliability of the

individual components of each part of the device. For example, in integrating multiple cell

types, there is often a challenge in obtaining cultured cells and primary cells at the same
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time. As more cultured types are added, timing needs to be more carefully controlled, and
perhaps cell cultures maintained for longer times on the device. Similarly, in the integration
of additional detection modes, a single failure in one component of the device can result
in the failure of the entire experiment. As more components are integrated, this becomes
more probable. To improve the reproducibility of integrating multiple cell types onto the
device, particularly in cell culture, systems such as our TEER measurement platform2©
could be utilized, or more careful characterization of the cells prior to analysis with stain-
ing techniques could be performed before analysis.

As device developers, we can improve the reliability of our device in two ways.
First, while PDMS is valuable as a prototyping material, it is in general a poor selection
for devices due to its hydrophobicity and flexibility. The hydrophobicity causes challenges
with pumping, as aqueous solutions must be pushed against this surface tension causing
increased backpressure. Furthermore, as shown below, hydrophobic compounds can parti-
tion into the PDMS, and the flexibility of PDMS can cause the layers of the device to
delaminate, or channels to deform, as shown in chapter 4, all of which reduce the reliability
and utility of the device.

To overcome these limitations, the devices could be fabricated in a wide variety

9 31

of materials including PMMAZ7, polycarbonate?8, silicon?? or glass3?, or polystyrene3!.
Polystyrene, in particular, has the advantage of having a low glass transition temperature,
meaning it can be molded at lower temperatures, and is the material from which traditional

cell culture products are formed, making ideal for integration of cells onto microfluidic

devices. Furthermore, polystyrene is a rigid polymer that is not prone to delamination once
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sealed, and is somewhat compatible with oxygen plasma sealing to PDMS, enabling easier
integration into other microfluidic-based studies.
5.4.1 Improving Reliability: Polystyrene Devices

In order to use the advantages of polystyrene as mentioned above, yet retain the
major advantage of PDMS, rapid prototyping32, it was determined that the same litho-
graphic process that is used to produce PDMS devices can produce PDMS molds from
which polystyrene devices could be cast. This would offer the same lithographic control
available with soft lithography, but allow us to fabricate polystyrene instead.
5.4.1.1 Motivation

There are several reasons to move to fabricating microfluidic devices out of poly-
styrene. Firstly, these devices are more rigid and require less careful handling, meaning
they are easier to use in an academic setting, and potentially compatible with robotic han-
dling equipment in a more high throughput scenario. Secondly, polystyrene is less likely to
absorb hydrophobic compounds like PDMS, as shown in section 5.4.2. This means a wider
range of potential pharmaceutical agents can be incorporated into the microfluidic models
developed on microfluidic platforms. Thirdly, polystyrene is the most used material in cell
culture analyses, with numerous protocols determined for both primary and perpetual cell
culture systems. These procedures could then be more easily ported to the microfluidic
models. Lastly, commercial infrastructure to mass produce polystyrene devices already
exists, through hot embossing33 or injection molding3* techniques. As a result, less time
can be spent on device fabrication, and more on device utilization.
5.4.1.2 Methods of Polystyrene Fabrication

Fabrication of polystyrene devices starts with the same soft lithography as is men-
tioned in chapter 2, except features will be printed as dark lines on a light background.

As shown in figure 5.1, a PDMS replicate of these masters will then have raised features,
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Figure 5.1: Rapid Prototyping in Polystyrene: A master is prepared with a recessed feature in SU-8 photoresist using the lithography
techniques described in chapter 2. A PDMS replicate of this is made, and then modified as shown. Polystyrene is then melted into this
mold, and removed. Using this technique, a polystyrene device can be fabricated from master to completion in one day.
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which can then be cast in the melted polystyrene. This PDMS replicate is then sealed to a
glass plate using a thin layer of uncured PDMS. A retaining ring for the melted polystyrene,
fabricated from PDMS, is then sealed to the mold.

A surface modificiation is then performed by preparing a 0.1 M solution of (3-mer-
captopropyl) trimethylsiloxane in acetonitrile, and filling the mold with this solution. The
acetonitrile is allowed to evaporate, and then polystyrene from Petri dishes is melted into
the mold by contact heating on a hotplate at 175 °C. The hotplate is then shut off, and the
device is allowed to cool to room temperature. The polystyrene is then removed from the
mold.
5.4.1.3 Current State/Progress

The most significant advance in fabricating these devices was the utilization of a
surface modification step to reduce the repulsion of the melted polystyrene from the PDMS
mold. As shown in figure 5.2, without the surface modification, bubbles are formed at the
interface, which would prevent the utilization of the device. After modification however,
the bubbles are eliminated, producing an improved replicate of the PDMS mold.

The heating protocol is important as well, as overheating can start thermal degrada-
tion of the polystyrene, resulting in yellowed features and high background fluorescence in
the UV, which would be disadvantageous for several applications. Switching from convec-
tion oven heating to contact heating on a hotplate improved the clarity issues, along with
eliminating the background fluorescence.

As mentioned above, these devices could be utilized to investigate cell-cell interac-
tions between endothelium cells and RBCs, or potentially endothelial cells and platelets as
previously described.!? A first step towards performing these assays is the culture of endo-
thelial cells on the device. Based on the importance of endothelium-derived nitric oxide

shown in chapter 3, cell immobilization on polystyrene-derived devices could represent
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Figure 5.2: Surface Modification Eliminates Bubbles from Replicate: Shown above, is a polysty-
rene replicate fabricated from an unmodified PDMS mold. Shown below is a different replicate
formed from a PDMS mold modified with 0.1 M (3-mercaptopropyl)trimethylsiloxane, which
improves the interaction between the melted polystyrene and the PDMS mold.
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Figure 5.3: Endothelial Cell Culture in Polystyrene Device: A polystyrene device containing ser-
pentine features is fabricated as described above. The channels are treated with 100 pg/mL fibro-
nectin for 3 hours, and then a cell solution obtained in the same manner as described in chapter 3 is
pumped into the channels. The channels are re-seeded with the cell solution after 1 hour, and then
media changed every hour for six hours.
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a high throughput screening tool for compounds targeting the ATP mediated NO release
mechanism.

Endothelial cell culture has been performed on these devices within serpentine
channels that are arranged in the same geometry as a well plate as shown in figure 5.3. Cells
are similar in appearance as those in a culture flask as shown in chapter 3, and studies are
currently underway which are attempting to observe the cell-cell communication described
above. Furthermore, because polystyrene is not oxygen permeable to the extent of PDMS,
these polystyrene devices may also be applied to the oxygen sensor described in chapter 4.
5.4.2 PK/PD studies

In several conclusions throughout this dissertation it has been mentioned that the
technology developed within can be utilized for drug screening applications. An important
step in the process from drug candidate to approved medications however is the pharmaco-
kinetics (PK) of a drug, the study of the amount of drug in a patient as a function of time,
and the pharmacodynamics (PD) of a drug, which is the study of the effect of the drug on
the body. These studies are currently conducted by in large-volume cell culture systems,
or with in vivo models, both of which require a large quantity of material to conduct the
studies.

With the ability to provide cellular function information, such as that shown in chap-
ters 2 and 3, in a high throughput manner, it is plausible these microfluidic models could be
used for PD studies. However because our models also incorporate a bloodstream mimic,
the PK study investigating transport of a drug compound from a bloodstream, across an en-
dothelium barrier, and perhaps to another cell type can be investigated in a high throughput
manner, with the advantage of lower volume consumption with the microfluidic systems.

A first step however in the utilization of these models was to investigate the ability

of several common pharmaceutical agents to partition across the polycarbonate membrane
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system described in chapter 2. To perform these studies, various solutions of drug com-
pounds were prepared, pumped through the microfluidic device described in chapter 2, and
the well contents analyzed by quantitative LC-MS-MS for drug concentration.

5.4.2.2 Methods

Five compounds were investigated using the microfluidic device as described in
chapter 2, and stock solutions are prepared. Levofloxacin and linezolid solutions are pre-
pared by dissolving in each in water. Clopidogrel is dissolved in 0.1 M HCI, raltegravir is
dissolved in DMSO, and efavirenz in 50% methanol/water. Standards between 1.0 and 7.0
uM were prepared in PSS without bovine serum albumin and pumped through the micro-
fluidic device for varying lengths of time. Analysis of the well contents after pumping was
performed by removing 9.0 pL from the well and dissolving it in 70 pL of cold acetonitrile
which contains ciprofloxacin as an internal standard. Any protein present in the solution
would then precipitate out, and can be removed by centrifugation at 500 g for 10 minutes.
The supernatant was then transferred to a polycarbonate PCR plate, and sealed with a
RapidEPS seal by Bio Chromato (Fujisawa, Japan).

HPLC separation is then performed on a Supelco Ascentis Express C18 column
that was 3 cm in length, has an ID of 2.1 mm, and was packed with 2.7 pm particles (Sigma
Aldrich). 10 pL of the acetonitrile- dissolved sample is injected onto the column using an
autosampler. LC separation was performed with the gradient described in figure 5.4

MS/MS analysis is performed first with electrospray ionization, then selection of a
parent ion from each compound, which is then fragmented in a collision cell, and a daugh-

ter ion detected in a Quattro Micro mass spectrometer, using a process known as multiple
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Compound Parent Ion |Daughter lon (Da)] Retention Time
(Da) (min)
Linezolid 338.1 296.1 1.1
Levofloxacin 362.1 261.1 0.93
Clopidogrel 322.08 155 1.39
Efavirenz 316 168.1 1.37
Raltegravir 445.1 108.9 1.27
Ciprofloxacin 332.2 231 0.95
(ISTD)

Table 5.1: Retention Time and Target lons for MS/MS Analysis: Shown above are the target ions
for analysis and the retention times on the described chromatographic system. Each compound is
ionized and injected to the collision cell with an optimized ESI cone voltage and collisional energy.
Internal standard calibration is performed to obtain concentrations in the wells.
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Figure 5.4: LC Gradient for LC-MS Analysis: This gradient was used in the chromatographic
separation of the pharmaceutical compounds in the analysis investigating the compound transport
across the polycarbonate membrane in the microfluidic device.
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reaction monitoring (MRM). Table 5.1 summarizes the parent ions, daughter ions, and
retention times for the compounds using the described system.

Linear calibration can be obtained using an internal standard method taking the
ratio of the peak area of the sample compound to that of the internal standard. Without the
use of specifically labeled internal standards, 5-10% RSDs of standards can be obtained
with this method. This chromatographic system produces a linear range from a detection
limit around 20 nM to an upper limit of 2000 nM for each compound, before column over-
loading (indicated by peak tailing) is observed in the chromatography. Samples are diluted
to remain within this range when needed.
5.4.2.3 Results

Initially it was desirable to see if the compounds of interest are absorbed by PDMS,
as has been considered. To investigate this possibility, PDMS well-based devices were pre-
pared with and without polycarbonate membranes, and standards pipetted into these wells,
to determine if the compounds are absorbed by the PDMS or the polycarbonate mem-
brane. As shown in figures 5.5 through 5.10, linezolid, levofloxacin and raltegravir absorb
minimally into PDMS, whereas clopidogrel and efavirenz absorb almost completely into
PDMS. No difference is observed in any compound between the signal observed with and
without the polycarbonate membrane, suggesting the polycarbonate is not responsible for
this response.

A significant limitation of PDMS as a material for fabricating microfluidic systems
is shown in figures 5.5 through 5.9; certain compounds will partition into it. In an attempt
to reduce this effect, the devices were coated with bovine serum albumin (BSA), and were

attempted here. However, no statistical difference was observed in the presence of BSA.
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Figure 5.6: Efavirenz Absorbs Completely into PDMS: Shown here, Efavirenz absorbs completely

into PDMS as none is detected in the wells after an incubation time of one hour. (n=4 devices, error
bars area SD)
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Linezolid
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Figure 5.7: Linezolid Does Not Absorb Into PDMS. Shown here, linezolid does not absorb into
PDMS. (n=4 devices, error bars area SD)
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Levofloxacin
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Figure 5.8: Levofloxacin Absorption into PDMS: Shown here, levofloxacin partitions minimally
into PDMS. (n=4 devices, error bars area SD)
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Therefore, the more promising solution would be to switch from PDMS devices, to those
of another material, such as polystyrene as described above.

Of the remaining compounds that did not dissolve in the PDMS, it was still desir-
able to investigate the properties of their transport across the membrane by changing the
length of time the solution was pumped, and the pore diameter of the polycarbonate track
etched membrane. These experiments, the results of which are summarized in figure 5.9
through 5.12, show more compound is transported across the membrane for longer flow
times, and for wider pore diameters, as would be expected.

These results suggest that while PDMS devices do allow for the potential investiga-
tion of some drug compounds in PK/PD studies, there are certain compounds which will
not be able to be used for these investigations.

Current attempts to mediate this require moving from PDMS to polystyrene with
these devices, but there is a challenge in that without the adhesive nature of PDMS to the
polycarbonate membranes, it has been difficult to get the devices to seal properly. This
has been mediated by obtaining polyester track etched membranes, fabricated in the same
manner, but having the advantage of being solvent resistant. Therefore, the membranes can
be soaked in toluene, allowed to dry briefly, and placed over polystyrene channels. This
causes the membrane to adhere to the polystyrene.

A top well layer, fabricated in a similar pattern as that shown in chapter 2, can then
be fabricated from a Petri dish, by drilling. This is then thermally sealed to the polystyrene
channel layer with the polyester membrane adhered to it, with slight pressure in a convec-
tion oven at 100 °C. 1/16” coned ports (IDEX Health and Science/Upchurch Scientific) are
then adhered to the device using JB Weld. Attempts at characterizing the feasibility of these

devices are ongoing.
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Figure 5.9: Linezolid Transport Across Membrane: As flow time increases, a greater concentration
of linezolid can be detected above the membrane. (n=4 devices, error bars are standard deviation)
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Raltegravir
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Figure 5.10: Raltegravir Transport Across Membrane: As flow time increases, a greater concentra-
tion of Raltegravir can be detected above the membrane. (n=4 devices, error bars are standard
deviation)
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Figure 5.11: Raltegravir Transport Across Membrane: As flow time increases, a greater concen-
tration of raltegravir can be detected above the membrane. (n=4 devices, error bars are standard
deviation)
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Clopidogrel
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Figure 5.12: Clopidogrel Transport Across Membrane: Little transport of clopidogrel is observed
until higher concentrations are pumped underneath the membrane, or longer flow times are used.
This suggests the PDMS becomes saturated with clopidogrel, allowing it to flow through the mem-
brane instead of absorbing. (n=4 devices, error bars are standard deviation)
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