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Abstract

Polydimethylsiloxane (PDMS)-based (Generation 1) and glass—based
(Generation 2) microfluidic devices for heart tissue maintenance have been
developed. Rat and human heart biopsies were electrically—paced in a 37 °C
environment constantly perfused with oxygenated media, and waste products
were continuously removed, mimicking the in vivo conditions. Tissue damage
was indicated by assaying the lactate dehydrogenase (LDH) activity in the
effluent samples. Heart tissues were kept viable in the biomimetic
microenvironment within these devices once optimised, for up to 3.5 hours
(human, Generation 1); 5 hours (rat, Generation 1), and 24 hours (rat,
Generation 2). Mechanical contraction was observed in some of the tissue

biopsies, suggesting that they were functioning as it is in the body.

Sensitive, accurate and robust electrochemical analytical probes were
established to measure the total reactive oxygen species (ROS) and creatine
kinase MB (CK-MB) concentration in the effluent from the tissue biopsies.
The total ROS probe was integrated with the Generation 1 microfluidic device
to give a real-time measurement of the tissue insult. Both of these devices
were also used to investigate the effects of on—chip ischaemia reperfusion
(IR) procedures on the expression levels of a series of genes, which were
analysed off—chip by semi—quantitative PCR.

In addition, mixing within the Generation 1 microfluidic device was
induced by redox—magnetohydrodynamics (redox—MHD), where a redox
species, hexamineruthenium (11l) chroride (Ruhex) and magnet were used to
generate a magnetic force, thus causing the fluid to rotate around the
electrodes. Qualitative microscopy recordings on polystyrene microbeads
movement were provided in the supplementary DVD, showing the effects of
MHD and Ruhex—MHD. This application could be of particular importance
when the tissue sample is exposed to certain therapeutic drugs during
perfusion for defined periods of time, to test the responsiveness of cardiac

tissue to treatment.



This proof-of—principle microfluidic technique will hopefully serve as a
platform technology for future cardiac research and may also be exploited
and modified for investigation of other clinical tissues, hence reducing
reliance on animal models. The full potential of this technology remains to be
discovered as other groups adopt this approach to analyse diseased and

normal tissues.
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Chapter 1

Introduction



1.1. The heart — An important pumping machine

The mammalian heart consists of four chambers, left atrium (LA) and right
atrium (RA), left ventricle (LV) and right ventricle (RV; Figure 1.1). The heart
consists primarily of terminally differentiated cardiomyocytes, and supportive
fibrovascular connective tissue (Opie, 2004), with an average cell density of 1
— 10 x 108 cells/cm® (Murthy et al., 2006). Cardiomyocytes contribute about
20 — 40 % of all the heart cells, but they occupy 80 — 90 % of its volume (Nag,
1980). The atria have relatively thin walls and serve as the collection
chambers for blood entering the heart, while the thicker ventricles, especially
the LV, act as the pump to eject blood into the pulmonary and systemic
circulation. On average, the wall thicknesses for human RA and LA are 2 mm
and 3 mm; for RV and LV, these are up to 5 mm and 15 mm, respectively
(Berry and Billingham, 2007).

1.1.1. Calcium handling

Ca”" is the central regulator of myocardium contraction which involves the
mutual sliding of thick and thin filaments (Figure 1.2). Myosin heavy and light
chains are found in the thick filament, whilst the thin filament contains actin,
troponin (Tn) complex (Tnl, TnC, and TnT) and tropomyosin. Regulation of
myocardial contractility is an important aspect of normal cardiovascular
function. Cardiac excitation—contraction (EC) coupling is used to describe the
process from the electrical excitation of cardiomyocyte to the contraction of
the heart.

The cellular surface of a cardiomyocyte has T—tubules which run
transversally from the sarcolemma across cardiomyocytes (Brette and
Orchard, 2003). EC coupling is triggered when the cell is depolarised by an
action potential (Bers, 2002). Subsequently, Ca** enters the cell through
depolarization—activated L—type Ca** channels (Ics; Figure 1.3). This influx of
Ca®" is detected by ryanodine receptors (RyR) in the footpad of the
sarcoplasmic reticulum (SR) membrane, triggering the release of Ca?* stored
in this organelle (Fabiato, 1983).
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Figure 1.1. Anatomy of the mammalian heart: (A) anterior (B) sectional views.
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ATP, adenosine triphosphate; NCX, Na'/Ca?* exchanger; PLB,
phospholamban; RyR, ryanodine receptor; SR, sarcoplasmic reticulum.
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The process is known as calcium—induced calcium release (CICR). The
opening of the cardiac RyR is the greatest when the [Ca®'] is about 100 pM,
and this decreases at very high [Ca®"] (5 — 10 mM; Xu et al., 1998, Bers,
2008). The combination of Ca®" influx, together with SR Ca?' release
increases the cytosolic [Ca®*] (Huxley, 1957), facilitating the binding of Ca®*
to TnC of the thin filaments. This in turn results in conformational changes in
Tnl which expose a site on the actin molecules for the binding of the myosin
head which contains ATPase (Figure 1.4). By using the energy produced
from adenosine triphosphate (ATP) hydrolysis, the myosin head forms a
cross bridge with the actin filaments active site, pulling the actin filament
toward the centre of the sarcomere, hence shortening the sarcomere length.
The resultant ADP and inorganic phosphate (Pi) are then dissociated from

the myosin.

The strength of contraction relies on the extent of SR Ca** release, which
in turn depends on Ca?" influx and SR Ca®* content (Bassani et al., 1995).
Half-maximal activation of contraction requires approximately 60 uM Ca?*
influx to reach 600 nM [Ca®'], i.e. ~ 100 : 1 buffering of [Ca®*]; (Bers, 2008).
Under physiological conditions, the SR Ca*" content is in the range of 50 —
150 pumol/L cytosol (Bers, 2008). A typical contraction in rabbit ventricular
myocytes involves the release of ~ 50 % of the SR Ca** content (Bassani et
al., 1995).

For myocardial relaxation to occur, [Ca®'];

must be sequestered, to allow
dissociation of Ca*" ions from TnC. This can occur in four possible
mechanisms: (i) SR Ca?*—ATPase (SERCA) which is under the inhibitory
control of phospholamban (PLB), (ii) sarcolemmal Na*/Ca®" exchanger (NCX),
(i) sarcolemmal Ca?~ATPase and (iv) mitochondrial Ca?* uniporter
(MitoCaU; Bassani et al., 1994; Figure 1.3). Contributions of SERCA and
NCX in Ca?* removal from the cell during relaxation are about 68.5 % and
30 % in rabbit ventricular myocytes, respectively (Bers, 2008), consistent with
a study conducted by Bassani’s group using rat and rabbit models (SERCA:

70 %, NCX: 28 %; Bassani et al., 1994). The sarcolemmal Ca**~ATPase and



MitoCaU contributed less than 1 % each for Ca®* removal in both studies.
However, in rat myocytes, SERCA contributed 92 % of Ca®* removal, while it
was 7 % for NCX (Bassani et al., 1994). The variation in contribution was
mainly due to the species differences. The reduction in [Ca®] induces a
conformational change in the Tn complex, allowing Tnl to inhibit the binding
of myosin to actin. An ATP molecule then binds to the myosin head and the

initial sarcomere length is restored (Figure 1.4).

F. Resting sarcomere A. Active-site exposure

~ Sarcoplasm

Figure 1.4. Molecular events occuring during the contraction cycle. (Martini
and Nath, 2009)
ADP, adenosine diphosphate; ATP, adenosine triphosphate; P, phosphate.
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1.1.2. Energy production

The cardiac energy metabolism consists of: substrate utilization (from
food) followed by oxidative phosphorylation and energy transfer/utilization in
the creatine kinase (CK) system (Figure 1.5).
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Figure 1.5. Cardiac energy metabolism. (Neubauer, 2007)

ADP, adenosine diphosphate; ANT, adenine nucleotide translocase; ATP,
adenosine triphosphate; CKmito, mitochondrial creatine kinase; Cr, creatine;
GLUT, glucose transporter; NAD, oxidised nicotinamide adenine dinucleotide;
NADH, reduced nicotinamide adenine dinucleotide; PCr, phosphocreatine;
UCP, uncoupling protein.

The heart has an ATP content of 5 pumol/g wet weight, and an ATP
hydrolysis rate of ~ 0.5 pmol/g wet weight/second at rest, hence there is a
complete turnover of the myocardial ATP pool at about 10 seconds under
normal conditions (Ingwall, 2002). Therefore the heart requires a constant
supply of ATP from fuels, such as glucose, lactate, fatty acids or ketone
bodies, to maintain its pump function. The release of energy from these
compounds via oxidation involves step—by-step processes of enzymatically

controlled fuel metabolism and mitochondrial oxidative phosphorylation



(Taegtmeyer, 2000). About 95 % of ATP comes from mitochondrial oxidative
phosphorylation (Stanley et al., 2005, Lopaschuk et al., 2010).

In the normal adult heart, fatty acid B—oxidation is the predominant source
of ATP generation (Sambandam and Lopaschuk, 2003), the remaining being
produced by oxidation of glucose, lactate and ketone bodies. Fatty acids
generate more ATP molecules than carbohydrates on a per carbon atom
basis. For instances, oxidation of one 18—carbon oleic acid produces 146
ATP (8.1 ATP/carbon), whereas oxidation of glucose liberates 36 ATP (6
ATP/carbon). A two—carbon fragment acetyl-coenzyme A (acetyl-CoA),
produced as the result of substrate oxidations mentioned above, enters the
tricarboxylic acid (TCA) cycle within the mitochondria (Figure 1.6). Under
normal conditions, approximately 60 — 90 % of acetyl-CoA, which enters the
TCA cycle, comes from B—oxidation of fatty acids, and 10 — 40 % from

oxidation of pyruvate, which comes from the glucose (Scolletta et al., 2011).

The TCA cycle is closely linked to ATP generation via mitochondrial
oxidative phosphorylation (Mitchell, 1972). The reduced forms of
nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide
(FADH,), produced by substrate oxidations and the TCA cycle, feed into the
electron transport chain (ETC), where a series of protein complexes (I — IV)
are located on the inner mitochondrial membrane (IMM; Figure 1.7). NADH
and FADH; pass electrons into the ETC which is coupled to ATP synthesis
via the proton pumping activity of complexes to generate a proton motive
force (PMF) across the inner mitochondrial membrane. Protons are extruded
for electron passing from NADH and FADH, to oxygen (Brand, 2005, Hinkle,
2005). PMF consists of a membrane potential (AW) and a pH gradient
(Equation 1; Breeuwer and Abee, 2004). The redox span across the entire
ETC is about 1100 mV with the maximal PMF maybe 180 — 220 mV across
the IMM (Brand and Nicholls, 2011). This force is used by ATP synthase to
synthesize ATP from ADP and Pi.

PMF (4p) = AW — Z ApH Equation 1
Where Z = 2.3RT/F; R is the gas constant, F is the Faraday constant, and T

is the temperature.
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Figure 1.6. Overview of glycolysis and TCA cycle. (Buchakjian and Kornbluth,
2010)

ACC, acetyl-CoA carboxylase; ACL, ATP citrate lyase; ATP, adenosine
triphosphate; F6P, fructose—6—phosphate; FAS, fatty acid synthase; G6P,
glucose-6—phosphate; G6PD, glucose—6—phosphate dehydrogenase;
GAPDH, glyceraldehydes 3-phosphate dehydrogenase; GLUT, glucose
transporter; PDH, pyruvate dehydrogenase; PEP, phosphoenolpyruvate; PGI,
phosphoglucose isomerase; PFK1, phosphofructokinase-1 ; PFKFB, 6—
phosphofructo—2—kinase/fructose—2,6—biphosphatase; PK, pyruvate kinase;
NADH, reduced nicotinamide adenine dinucleotide; NADPH, reduced
nicotinamide adenine dinucleotide phosphate.
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ADP, adenosine diphosphate; ANT, adenosine nucleotide translocase; ATP,
adenosine triphosphate; Cyt ¢, cytochrome c; NADH, nicotinamide adenine
dinucleotide; FADH,, reduced form of flavin adenine dinucleotide; Pi,
inorganic phosphate; Q, ubiquinone; VDAC, voltage—dependent anion
channel; I, 11, lll, 1V refer to the protein complexes of the electron transport
chain.

Under high ATP demand, cardiomyocytes use the energy reserve i.e. the
phosphocreatine (PCr) and creatine kinase (CK) reaction within the heart
(Ingwall, 2009). This system serves as an energy buffer and transporter of
high energy phosphate bonds from the sites of energy production to the sites
of usage, particularly in the heart (Figure 1.5). The rate of ATP synthesis in
the CK reaction in the rat heart is 10 mM/second, compared with
mitochondrial oxidative phosphorylation which is 0.7 mM/second (Ingwall,
2002). Two isoforms of CK can be found in a cell, mitochondrial CK (CKmito)
and cytosolic CK. There are two CKmito isoenzymes: the ubiquitous and
sarcomeric form. Ubiquitous CKmito is expressed in brain, smooth muscle
and sperm, whereas sarcomeric CKmito is expressed solely in cardiac and
skeletal muscle (Schlattner et al., 2006). Cytosolic CK enzyme exists as a
homo or heterodimer consisting of a combination of either B (brain type) or M
(muscle type): CK-MM, CK-BB, and CK—MB. The ratio of isoenzymes varies
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within muscle type: cardiac muscle (70 — 80 % CK-MM, 20 — 30 % CK-MB),
skeletal muscle (98 % CK-MM, 2 % CK-MB), and brain has predominantly
CK-BB (Sood, 2006).

CKmito is located on the outer mitochondrial membrane (OMM) coupled
to adenine nucleotide translocase (ANT), linked by cardiolipin molecules, and
directly interacts with voltage—dependent anion channel (VDAC; Schlattner et
al., 2009), where it catalyzes the transfer of a high energy phosphate bond
from ATP to creatine to form PCr. In contrast, cytosolic CK associates with
cellular structures in close proximity to ATP—requiring processes (Schlattner
et al., 2006), e.g. contractile apparatus, and catalyzes the reverse transfer of
a phosphate group to ADP, liberating creatine and ATP (Neubauer, 2007).
CK catalyzes the phosphorylation of approximately 2/3 of total creatine pool
in the heart, where the remaning 1/3 remains as free creatine. When energy
demand exceeds energy supply, PCr levels decline in order to restore ATP

level to the normal range (Ingwall, 2002).
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1.2. Myocardial infarction

Myocardial infarction (MI) is a result of acute occlusion of a coronary
artery (Figure 1.1.A) for more than 20 — 40 minutes. Timely reperfusion is the
definitive solution for the acute Ml (AMI) where restoration of blood flow to
the ischaemic zone of myocardium is elicited (Figure 1.8); however, this
reintroduction of blood flow may itself induce or exacerbate lethal tissue
injury in addition to that generated by ischaemia alone (Yellon and Hausenloy,
2007), including arrhythmias, contractiie dysfunction  (stunning),
microvascular impairment, and irreversible damage via apoptosis and
necrosis (Moens et al., 2005). Despite optimal reperfusion, the mortality rate
after an AMI approaches 10 % (Keely et al., 2003). Such ischaemia
reperfusion (IR) episode is a clinical problem associated with procedures, for
example thrombolysis, coronary bypass graft (CABG) surgery, and
angioplasty which are generally used to generate blood reflow and reduce
the damage of the myocardium following severe ischaemia (Venugopal et al.,
2009a and b).

A fschemla, No reperfusion
o +" Reperfusion & no
N cardioprotection
'a Reperfusion
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c
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LL.
>Time

A

Reperfusion
Figure 1.8. Effect of myocardial ischaemia and reperfusion on final infarct
size. (Adapted from Garcia-Dorado and Piper, 2006)

MI, myocardial infarction.
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1.2.1. Metabolic changes

During coronary artery occlusion, oxygen supply to the myocardium is
limited and mitochondrial oxidative phosphorylation is interrupted. PCr and
ATP are reduced subsequently. In a model of myocardial ischaemia
simulated by a 60 % reduction in coronary blood flow for 1 hour, [PCr] and
[ATP] were decreased by 75 % and 50 %, respectively (Salem et al., 2002).

Corresponding increase in [Pi] is also found in ischaemic myocardium. In
paced, isolated rabbit hearts, [Pi] increased 6 — fold when the mean coronary
flow was reduced from 25 to 1 ml/minute for 15 minutes (Ferrari, 2001).
When coronary flow is completely occluded, [Pi] can increase > 10 — fold
compared to the normoxic concentrations. During acute ischaemia, where
the left anterior descending (LAD) artery was ligated, [P;] was increased to
approximately 3.1 mM and 5.1 mM, 22 s and 36 s after the occlusion,
respectively. Increased [P;j] favours the opening of mitochondrial permeability
transition pore (MPTP; discussed below), and leads to apoptosis (Lim et al.,
2007, Di Lisa et al., 2011).

As oxidative phosphorylation is impaired during IR, metabolic
intermediates in the form of reducing equivalents and protons accumulate, for
example the cytoplasmic NADH and the relative ratios of redox couples,
NADH/NAD" increases by 13 — fold (Salem et al., 2002). This increase can
depress SR Ca*" release by over 50 % in ventricular cardiomyocytes, as
NADH mediated direct and indirect inhibition on the activities of RyR channel
and SERCA, respectively (Zima et al., 2004). Therefore, significant changes
in the NADH/NAD" ratio play a crucial role in the impairment of CICR and EC
coupling during myocardial IR.

In addition, a shift from aerobic mitochondrial metabolism to anaerobic
glycolysis appears to be an adaptation to reduced oxygen availability during
ischaemia (Ramirez et al., 2007). Such a shift can occur over different

timescales via a variety of mechanisms, allowing cardiomyocytes to cope
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with the energy demand (Gohil et al., 2010). Pyruvate generated by
glycolysis is not oxidised in the mitochondria, instead it is reduced to lactate
in the cytosol. Hence, lactate was shown to be a specific but relatively
insensitive diagnostic marker of myocardial ischaemia in the clinical settings
in early studies (Buffon et al., 2000). During ischaemia, lactate and its
associated H* accumulate in the cardiomyocytes leading to intracellular
acidosis, contributing to contractile dysfunction in the ischaemic myocardium.
The cytoplasmic pH reduced from 7 to 5.5 — 6 during 30 minutes of low—flow
or 20 minutes of zero—flow ischaemia in isolated perfused rat heart
(Trueblood et al., 2000). It has been demonstrated that intracellular lactate
produced during ischaemia reduced the glycolytic rate indirectly by
increasing  NADH/NAD® ratio (Cross et al.,, 1995), whereas reduced
intracellular pH directly and indirectly decreased pyruvate production by
inhibition of phosphofructokinase (Figure 1.6), which in turn inhibited
glycolysis (Ichai et al., 2008).

Reperfusion of ischaemic myocardium causes a rapid alteration in the
ionic fluxes, and normalization of pH may enhance cytotoxicity (Turer and Hill,
2010). Studies wusing acidotic postconditioning have demonstrated
cardioprotective effects (Cohen et al., 2007), in that 30 minutes of reperfusion
in ischaemic rabbit heart with buffer of pH 7.4 elicited 34.4 £ 2.2 % infarct,
whereas 2 minutes of acidosis postconditioning (6 cycles of 10 seconds
reperfusion / 10 seconds of occlusion) at reperfusion with buffer of pH 6.9
caused only 15.0 + 2.6 % infarction. This cardioprotective effect was mainly
due to the prevention the mPTP formation (discussed below).

1.2.2. Oxidative stress

Partial reduction of oxygen generates reactive oxygen species (ROS),
which include free radicals such as the superoxide anion (O,") and hydroxyl
radical (OH+), as well as non—-radicals such as hydrogen peroxide (H,O5).
These species are intermediates that have either unpaired electrons (Oye
OH+) or the ability to attract electrons from other molecules (H»O0,).

Furthermore, nitric acid (NO) can react with O,* to form highly reactive
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peroxynitrite. Excess ROS production upon reperfusion has been previously
reported by many authors (Matsuki et al., 2006, Onogi et al., 2006). These
studies have demonstrated in rat and rabbit models of IR that indicators of
oxidative stress such as 8-hydroxydeoxyguanosine, 2,3—dihydroxybenzoic
acid (DHBA) and 2,5-DHBA increased during reperfusion. Oxidative stress in
rat cardiomyocytes was also shown to be enhanced by approximately 6.8 —
fold within 10 minutes of reperfusion (Tang et al., 2010). This increase was
abolished in the presence of the superoxide scavenger (Tiron) administered

during reperfusion.
1.2.2.i. Sources of ROS

Cellular mechanisms of ROS production are illustrated in Figure 1.9. The
potential sources of ROS in cardiac IR include xanthine oxidase (XO; in
endothelial cells), the complexes | and Il of mitochondrial ETC (in
cardiomyocytes), NADPH oxidase (in inflammatory cells, endothelial cells,
fibroblasts, vascular smooth muscle cells and cardiomyocytes),
cyclooxygenase, cytochrome P450 reductases and uncoupled nitric oxide
synthases (NOS; Zweier and Hassan Talukder, 2006, Pongnimitprasert,
2009). In parallel, several scavenging mechanisms serve to remove excess
ROS under normoxic conditions. Most of the superoxide generated in the
mitochondrial matrix and in cytoplasm is removed by manganese—superoxide
dismutase (MnSOD) and copper-zinc SOD (Cu-ZnSOD) to Hy0,,
respectively, which readily diffuses through the mitochondrial membranes
(Day, 2009; Figure 1.10). The H;O, can then be removed by catalase,
glutathione peroxidase and peroxiredoxin, generating water and oxygen.
Excessive ROS during IR can overhelm these scavenging mechanisms,

leading to cardiac damage.

XO is the interconvertible form of xanthine dehydrogenase (XDH), which
normally exists, with very little or no O,+ production (Pandey et al., 2000).
During myocardial ischaemia, XDH is cleaved by Ca**—dependent proteases
and converted to XO under increased Ca?* levels (Bhakuni et al., 2005,
Raghuvanshi et al., 2005). In ischaemic conditions, ATP is catabolised to

ADP, AMP, and subsequently to adenosine, inosine, and finally to
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hypoxanthine (Zweier and Hassan Talukder, 2006; Figure 1.9). Upon
reperfusion, XO converts hypoxanthine to xanthine and subsequently to uric
acid, O,* and H,O,. XO activity was increased in the blood of MI patients
(Raghuvanshi et al., 2007) with elevated xanthine and hypoxanthine levels of
more than 2 — fold whereas ATP and ADP declined > 66 % in ischaemic (30

minutes) rat heart (Moens et al., 2008).
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Figure 1.9. ROS production from mitochondrial electron transport chain,
xanthine oxidase, and NADPH oxidase. (Zweier and Hassan Talukder, 2006)

AD, adenosine deaminase; ADP, adenosine diphosphate; AMP, adenosine
monophosphate; ATP, adenosine triphosphate; CoQH,, coenzyme QH;; HX,
hypoxanthine; L-Arg, L-arginine; L-Cir, citrate; NADH dehyd, NADH
dehydrogenase; NO, nitric oxide; NOS, nitric oxide synthase; NTP,
nucleoside triphosphate—adenosine monophosphate transphosphorylase; X,
xanthine; XO, xanthine oxidase.

SOD
20-+2H+——H,0, + Oy
Catalase
2H,0, ——2HO0 + O
GPx

Figure 1.10. Reactions of ROS with scavenging systems.
GPx, glutathione peroxidase; SOD, superoxide dismutase.
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Complexes | and IIl in the ETC have been documented to be the main
ROS production sites (Figure 1.7). When treated with rotenone, a complex |
inhibitor, there is no increase in H,O, generation in isolated rat mitochondria
and isolated rabbit hearts after ischaemia (Chen et al., 2003, Lesnefsky et al.,
2004). Conversely, inhibition of complex Il with antimycin A enhanced H,0,
production in the mitochondria in the presence of complex | substrate,
whereas the presence of rotenone attenuated it (Chen et al., 2003, Lesnefsky
et al., 2004). This is because blocking complex | during ischaemia decreases
the electron flow into complex Il and reduces electron leak, thereby inducing
ROS generation at this site (Chen et al., 2006, Aldakkak et al., 2008).

Lesnefsky et al. (2004) have demonstrated that 25 minutes of global
ischaemia caused damage on the ETC, by decreasing the complex Il activity,
and oxidative phosphorylation via cytochrome oxidase, as well as increasing
cytochrome c release in isolated perfused rat heart (Chen et al.,, 2006).
Cytochrome c is bound to the IMM by association with the cardiolipin, forming
a cardiolipin—cytochrome c peroxidase (Belikova et al., 2006). This complex
is peroxidized by ROS produced during ischaemia, which simultaneously
delocalized cytochrome c from IMM and released into the cytosol. In addition,
cytochrome oxidase activity requires a microenvironment enriched with
cardiolipin (Paradies et al., 2009). The decreased rate of oxidation through
cytochrome oxidase was possibly due to the decline in mitochondrial

cardiolipin content in isolated ischaemic hearts (Lesnefsky et al., 2001).
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1.2.2.ii. ROS-induced damage

Many proteins that play an important role in cardiac homeostasis are also
modified by ROS. The polyol pathway (Figure 1.11) was activated after 30
minutes regional ischaemia and 45 minutes of reperfusion in isolated rat
hearts (Tang et al.,, 2010). The activation of polyol pathway elevated the
NADH level as a result of increased sorbital oxidation into fructose catalyzed
by sorbital dehydrogenase. The increased NADH stimulated NADH oxidase,
which is in close proximity to SR to enhance ROS production (Bassenge et
al., 2000). In addition, increased levels of peroxynitrite following IR were also
observed concomitant with elevated tyrosine nitrosylation and consequent
irreversible modification of SERCA, as well as decreased RyR activity
(Ramasamy et al., 1997, Tang et al., 2010). Alterations of these two essential
Ca?* handling proteins can lead to the impairment of contractile function
during IR.

The oxidative stress in IR hearts was also reported to generate alterations
in mitochondrial respiration and oxidative phosphorylation (Makazan et al.,
2007). Pretreatment with ROS scavenging enzymes (SOD and catalase) was
shown beneficial in IR-treated group as it decreased the mitochondrial
glutathione (GSH) content, and the GSH : oxidized glutathione ratio, the latter
being an index of oxidative stress. Subsequently, the changes in
mitochondrial respiration and oxidative phosphoryation activities were
attenuated. Additionally, ROS may damage cardiomyocytes by a variety of
methods: causing peroxidation of membrane phospholipid (Marnett, 1999,
Paradies et al., 1999), denaturation of proteins (Stadtman, 2004), and strand
breakage in DNA (Dizdaroglu et al., 2002), all leading directly or indirectly to
mitochondrial dysfunction (Dhalla et al., 2000). Alteration of the plasma
membrane permeability and fluidity due to lipid peroxidation by ROS triggers
loss of membrane integrity, necrosis and subsequently leads to myocardial
cell death (Park and Lucchesi, 1999, Levraut et al., 2003, Zweier and
Villamena, 2003).
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Figure 1.11. The polyol pathway. (Dunlop, 2000)

AR, aldose reductase; 1,3 BPG, 1, 3-bisphosphoglycerate; glucose—6—p,
glucose—-6—phosphate; glyceraldehyde—3—p, glyceraldehyde—3—phosphate;
HK, hexokinase; NAD", nicotinamide adenine dinucleotide (oxidised form);
NADH, reduced form of nicotinamide adenine dinucleotide; NADP”, oxidised
form of nicotinamide adenine dinucleotide phosphate; NADPH, reduced form
of nicotinamide adenine dinucleotide phosphate; PPP, pentose phosphate
pathway; SDH, sorbitol dehydrogenase.

1.2.2.iii. Antioxidant and ROS scavenger treatment

A number of studies have shown that treatment with antioxidants or
scavengers diminished IR injury. For example, Moens et al. (2008)
demonstrated that folic acid, an antioxidant, ameliorated post—reperfusion
injury by preserving high—energy phosphates, particularly promoting ATP
and reducing O, generation. In addition, oral administration of VitaePro, a
novel antioxidant mix of xanthine like compounds astaxanthin, lutein and
zeaxanthin, could protect rat myocardium from IR injury by decreasing
oxidative stress and apoptosis (Adluri et al.,, 2011). There is also growing
evidence that flavonoids (Fantinelli et al., 2005, Hirai et al., 2007, Toufektsain
et al., 2008, Yamazaki et al., 2008) offer protection against myocardial IR

injury.
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Treatment with uric acid (5 mg/kg intravenous injection) 10 minutes before
ischaemia, a peroxynitrite scavenger, has markedly reduced IR-induced
peroxynitrite production and infarct size in rat (Ji et al., 2010). Additionally,
the therapeutic role of L—arginine reduced the XO activity in patients with
ischaemic heart disease and led to decreased O,* and H,O; levels (Tripathi
and Misra, 2009). Interestingly, molecular hydrogen may react with OH- to
produce water (Labiche and Grotta, 2004); and hence can act as an ROS
scavenger. Sun et al. (2009) and Hayashida et al. (2008) have demonstrated
that intraperitoneal injection of hydrogen—rich saline and inhalation of
hydrogen gas, respectively, in rat myocardium following 30 minutes of LAD
occlusion significantly decreased infarct size, attenuated apoptosis and

oxidative stress in the area at risk.

However, there are also clinical trial studies that found no beneficial
effects of the ROS scavengers and antioxidants against Ml. In a clinical trial
which involved 120 patients undergoing angioplasty, exogenous
administered SOD did not elicit any functional improvement (Kevin et al.,
2005). This disappointing finding may be owing to the low cellular
permeability of the SOD. In addition, numerous randomised controlled trials
and meta—analysis showed no significant beneficial effect of vitamin E on
myocardial injury and clinical outcome after cardiac surgery (Roncaglioni,
2001, Heart Protection Study Collaborative Group, 2002, Lassnigg et al.,
2003, Vivekananthan et al., 2003), even though improved contractile function
and decreased cardiac biomarker release were observed in a randomized
trial investigation of the effect of vitamin E in patients undergoing CABG
surgery (Yau et al., 1994).

Despite most clinical studies with antioxidants against IR injury have been
disappointing, the measurement of peroxidation production has
demonstrated the evidence of ROS—induced injury (Kevin et al., 2005),
hence inhibition of excessive ROS production during IR certainly possesses

its cardioprotective potential.
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1.2.3. Calcium overload

Both ischaemia and reperfusion result in an increase in [Ca®'] in
cardiomyocytes, which could be due to alterations in normal functions of
SERCA, NCX, and PLB. In a patch—-clamped study on mouse
cardiomyocytes, [Ca*]i in term of Fura—2 fluorescence intensity, has
increased to 138 + 7 % during ischaemia (280 seconds), and to 210 + 11 %

after 18 minutes of reperfusion (Wang et al., 2007).

SERCA function is impaired during myocardial IR, causing deficient
removal of cytosolic Ca®" into SR. Many studies have demonstrated the
SERCA activity in isolated rat ventricular myocytes was significantly reduced
at the end of 15 minutes of ischaemia (~ 5 versus 7 upmol Pi/mg of
protein/hour), whereas 30 minutes of reperfusion returned SERCA activity
level to normal (Yu et al., 2006). Moreover, SERCA activity in isolated rat
cardiomyocytes has been reported to decrease from 35 to 20
nmol/mg/minute after 10 minutes of regional ischaemia but was not further
altered after 10 minutes of the reperfusion (Tang et al., 2010). Although
conflicting results in SERCA activity have been observed which in part may
be due to differences in the IR protocol, an overall decreased SERCA activity

during ischaemia appears to be a consistent finding.

In addition to reduced SERCA activity, forward (1 Ca®" extrusion, 3 Na*
influx) and reverse (3 Na* extrusion, 1 Ca®' influx) NCX currents are
markedly inhibited during ischaemia, and subsequent reperfusion restores
and enhances these currents, especially the reverse one. The reverse mode
of NCX activity was doubled at 3 minutes of reperfusion compare to that in
the pre—ischaemic period (Wei et al., 2007). The driving force of reverse NCX
comes from the increased [Na'];, which could arise from different routes, for
example increase Na” influx via Na*/H* exchanger (Na—HX; Bers et al., 2003),
Na® channels (Williams et al., 2007), and/or decrease in Na* extrusion via
Na'—K" ATPase (Fuller et al., 2003). [Na']; (normal value: 7 — 15 mM) was
raised to approximately 3 — fold during myocardial ischaemia to levels in the
range of 25 — 40 mM (Murphy and Steenbergen, 2008).
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Brief ischaemia (20 — 30 minutes) produced in LAD occluded rats induced
marked dephosphorylation of PLB at Ser'® and Thr'’ (Shintani-Ishida and
Yoshida, 2011). Reduced SR Ca?* uptake through inactivated SERCA which
is caused by PLB dephosphorylation, contributes to the Ca** overload during
IR. Ca®" influx into the cardiomyocytes could also be augmented by
ischaemia—induced depolarization of the membrane potential, which in turn

activates the sarcolemmal I, opening (Talukder et al., 2009).

A number of therapeutic approaches have targetted Ca?* overload. Ca**
channel blockers such as verapamil, diltiazem and nifedipine markedly
attenuated myocardial IR injury with reduced damage as shown by a
reduction in release of cardiac markers [CK and lactate dehydrogenase
(LDH)], preserved SOD activity and decreased oxidative stress in a rat model
(Huang et al., 2009). SEA0400 (0.3 pumol/L), a potent NCX inhibitor blocked
the change of NCX current and the increase in [Ca®']; during IR, especially
during reperfusion in mouse cardiomyocytes (Wang et al., 2007). Similarly
clinical benefit of cariporide, a selective Na—HX inhibitor, has also been
observed when administered in patients undergoing CABG (Boyce et al.
2003, Mentzer Jr et al., 2008). However, MCC-135, another Na—HX inhibitor
has been tested clinically but failed to show any reduction of infarct size
when given during reperfusion (Bar et al.,, 2006, Jang et al., 2008). This
failure has been argued to be due to the fact that Na—HX inhibition is most
effective during ischaemia (Klein et al., 2000, Avkiran et al., 2008). Even
though the discovery of highly selective therapeutic interventions targeting
Ca®" overload is essential, the timing and dosage of administration are

innegligible.
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1.2.4. Hypercontracture

Hypercontracture is a result of an excessive contractile activation during
reperfusion which causes irreversible cell injury by distruption of cytoskeletal
structures. Resumption of ATP synthesis during reperfusion as a result of
rapid restoration of oxygen and pH was believed to be the main reason
contributing to the hypercontracture development (Inserte et al., 2008). In the
presence of Ca?* overload, uptake of Ca®" into the SR by re—energized
SERCA reduces the [Ca®']; rapidly, and SR will subsequently release Ca**
load quickly through RyR channel (Piper et al., 2006). Ca®" is thus rapidly
shifted between cytosol and the SR in an oscillatory manner and Ca?'
overload—induced hypercontracture is elicited spontaneously.
Hypercontracture in rat myocardium was found at 3.3 + 0.2 minutes of

reperfusion (Inserte et al., 2008).

Hypercontraction has been shown to propagate from one reperfused cell
to adjacent cells via connexin 43 (Cx 43; Piper et al., 2004, Rodriguez-
Sinovas et al.,, 2007), with the formation of contraction bands along the
reperfused myocardium (Figure 1.12). Cx 43 is a protein predominantly
involved in the formation of gap junctions in the ventricle (Schulz et al., 2007).
The permeability and conductance of gap junctions depend on the
phosphorylation status of Cx 43. Under normal physiological conditions, Cx
43 is partially phosphorylated (Jeyaraman et al., 2003, Schulz et al., 2003).
During prolonged ischaemia, it becomes dephosphorylated. Mitochondrial
and gap junctional Cx 43 dephosphorylation were shown increased after 85
minutes of ischaemia in the porcine myocardium (Totzeck et al., 2008). In
addition, phosphorylated Cx 43 was decreased by 83.45 % while
dephosphorylated Cx 43 increased 1.62 — fold in mice hearts after 45

minutes of ischaemia and 4 hours of reperfusion in vivo (Cao et al., 2009).
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Figure 1.12. Contraction bands in the reperfused myocardium. Contraction
band necrosis is visible as dark pink bands spanning the myofibers. (Ibanez
et al., 2011)

The spread of hypercontraction plays a key role in the continuous
expansion of early necrosis via the gap junction—-mediated communication
between these cells (Ruiz-Meana and Garcia-Dorado, 2009). The
hypercontraction propagation is mainly caused by the passage of Na’
through Cx 43, which in turn induces Ca?* entry via reverse—mode of NCX
and drives Ca®" overload. Addition of KB—R7943, a reverse NCX inhibitor,
has prevented propagation of hypercontraction (Ruiz-Meana et al., 1999). In
addition, uncoupling of Cx 43 by heptanol infusion during first 15 minutes of
reperfusion in pig hearts following 30 minutes of hypoxia has shown
prevention in hypercontracture propagation and reduction in the final infarct
size (Garcia-Dorado et al., 1997). Therefore, inhibition of Cx 43 formation or
its proper functions can be a potential therapeutic target in reducing
myocardial IR injury.
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1.2.5. mPTP opening

Opening of the mPTP is known to cause both necrotic and apoptotic
cardiomycyte cell death (Halestrap, 2006). mPTP is a voltage— and Ca*'—
dependent non—specific ion channel in the IMM and is regulated by the
proteins on the OMM (Sinha Roy et al., 2009, Sileikyte et al., 2011). Under
normal physiological conditions, the mPTP is closed, and opened under
conditions of stress, such as mitochondrial Ca®* overload, oxidative stress,
depletion of adenine nucleotides, increase in [Pi], normalisation of pH, and
mitochondrial membrane depolarisation (Halestrap et al.,, 2000, 2002,
Halestrap, 2002, Borutaite and Brown, 2003, Downey et al., 2007). mPTP
opening causes a sudden rise in IMM permeability and allows the release of
molecules < 1.5 kDalton from the mitochondrial matrix into the cytoplasm
(Bernardi et al., 2006). Following mPTP opening, the mitochondrial AW is
dissipated, oxidative phosphorylation is uncoupled, and the Ca*" overload

augmented (Ruiz-Meana et al., 2007).

Despite extensive research, the molecular identity of the protein(s)
responsible for the pore has not yet been fully elucidated. Initially, ANT in the
IMM (Crompton et al., 1998, Clarke et al., 2002), the VDAC in the OMM
(Crompton, 2000, Cesura et al., 2003), and cyclophilin-D (Cyp-D) in the
matrix (Zamzami and Kroemer, 2001, Crompton et al., 2002) were proposed
to comprise mPTP (Figure 1.13). VDAC and ANT are proteins that facilitate
the efficient transport of ATP and ADP across the membranes (Baines, 2009).
Cyp-D is a prolyl isomerase that catalyzes the rotation of proline peptide
bonds, hence inducing a conformational change in the target protein (Wang
and Heitman, 2005).
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Figure 1.13. Molecular compositions of mPTP in the mitochondrial
membranes. (Arbustini and Narula, 2010)

ANT, adenine nucleotide translocase; CypD, cyclophilin D; PIC, phosphate
carrier; VDAC, voltage dependent anion channel.

VDAC has been thought to be a critical part of mPTP since 1993, based
on the hypothesis made by Zoratti’s group (Szabé et al., 1993, Szab6 and
Zoratti, 1993). They proposed that the electrophysiological properties of
mPTP were reminiscent of those of the VDAC channel. Surprisingly, the
mPTP opening could still be induced in mitochondria from mice deficient for
isoforms VDAC1 and VDAC3 (Krauskopf et al. 2006; Baines et al. 2007). On
the other hand, Kokoszka’s group (2004) investigated the role of ANT in the
mPTP by genetically inactivating two isoforms of ANT in the mouse liver.
Mitochondria lacking ANT could still demonstrate opening of mPTP and
release of cytochrome c. Mice lacking Cyp—D were protected from IR—
induced cell death in vivo, whilst Cyp—D overexpressing mice suffered from
mitochondrial swelling and cell death (Baines et al., 2005, Basso et al., 2005,
Nakagawa et al., 2005, Schinzel et al., 2005).

Until recently, phosphate carrier (PIC) has been proposed to be a critical
component of mPTP, via interaction with ANT (Leung et al., 2008, Halestrap,
2009). Cyp-D can bind to the PIC, and mPTP inhibitors such as N-
ethylmaleamide and ubiquinone analogues demonstrated concentration
dependent inhibition of PIC. However, the role of PIC in mPTP formation has

still not been conclusively established. In light of these findings, ANT is
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considered a mPTP regulator, VDAC is dispensable, and only Cyp-D
remains as a defined component of the mPTP.

Inhibition of the mPTP opening has been translated to clinical treatment
(Gomez et al., 2009). A preliminary trial involving 58 patients who were
undergoing percutaneous coronary intervention were administered
cyclosporine (2.5 mg/kg of body weight; mPTP inhibitor) at the onset of
reperfusion (Piot et al., 2008). A reduction of infarct size of approximately 40 %
was reported in comparison with placebo and there was no adverse effects
seen in these patients. However, a larger clinical trial is needed to address

whether this treatment may improve clinical outcome in these patients.

1.2.6. Induction of cell death

Two major types of cell death are recognized in the pathology of
myocardial injury: necrosis and apoptosis. It has been proposed that mPTP
opening contributes to myocardial cell death in reperfusion by initiating both
processes (Halestrap, 2006). The morphological features of apoptosis and
necrosis are listed in Table 1.1. In mice, hearts subjected to 20 minutes of
global ischaemia and 2 hours of reperfusion showed 38 + 5 % total cell death
in the myocardium, but only 4.3 + 1.7 % of the cell death was apoptotic
(Imahashi et al., 2004). This is because the development of necrotic cell
death occurs at the earlier phase followed by a slower appearance of

apoptosis at the later phase (Zhao and Vinten-Johansen, 2002).

Table 1.1. Morphological features of apoptosis and necrosis.

Single cells/small clusters of .
Often contiguous cells
cells

Cell shrinkage and convolution Cell swelling
Intact cell membrane Disrupted cell membrane

Cytoplasm retained in apoptotic
Cytoplasm released

bodies
No inflammation Inflammation usually present
Active process Passive process

(Elmore, 2007)
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Apoptosis of myocytes has been revealed following IR injury in human, in
vivo animal, isolated animal hearts and isolated cardiomyocytes, using
different IR protocols (Table 1.2). Most of these studies have determined
apoptosis primarily or exclusively using the terminal deoxynucleotidyl
transferase—mediated dUTP in situ nick—end labeling (TUNEL) assays.
Apoptosis is mediated by two distinct conserved central death pathways:
mitochondria—mediated (intrinsic) and receptor—-mediated (extrinsic)
apoptosis (Li-Weber, 2010; Figure 1.14). Cytochrome c, a 12 kDalton
peripheral protein attached to the IMM, is released into cytosol (Alcala et al.,
2008, Leung and Halestrap, 2008) during apoptosis and forms part of the
apoptosome complex. This complex is made up of the 700 kDalton adaptor
protein apoptotic protease activating factor—1 (Apaf—1), cytochrome c and the
cofactor dATP/ATP. It mediates the activation of an initiator caspase

(procaspase 9) at the onset of apoptosis (Lavrik, 2010).

ATP levels play an essential role in determining whether ischaemic
cardiomyocytes die by necrosis or apoptosis (Tatsumi et al., 2003). When an
in vitro model of cultured neonatal rat cardiomyocytes was exposed to 7
hours of hypoxia in the glucose—depleted medium, the intracellular ATP
declined and necrotic cell death was dominant. However when glucose
concentration in the hypoxic medium was increased, intracellular ATP levels
were increased correspondingly, and cell death changed from necrosis to

apoptosis; i.e. apoptosis occurs when ATP is not limited.
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Table 1.2. Apoptosis in different models of IR.

I/R

Marker of apoptosis

Model Source . Reference
duration used
4-42d
Human Human  after Acute TUNEL/Caspase 3 Abbate et al., 2008
Ml
Dog 2h/6h TUNEL Gonzalez et al., 2008
Mouse 45m/4h TUNEL Shan et al., 2008
Mouse 30m/3h Tyglﬁkﬁgggﬁﬁz 3 Wang et al., 2009
In vivo Pig 1h/2h TUNEL Sodha et al., 2008
heart Pig 1h/72h  TUNEL/Western blot Sun et al., 2010
Rat 30m/2h TUNEL/DNA laddering Lv et al., 2008
Rat 30m/6h TUNEL Gao et al., 2008
Rat 30m/4h TUNEL Su et al., 2007
Rat 30m/2h TUNEL Mukherjee et al., 2008
Rat 30m/— Caspase 3 Borutaite et al., 2009
Rat 30m/30m Caspase 3 Borutaite et al., 2009
'Sﬁgﬁd Rat 20m/2h TUNEL Knight et al., 2008
Rat 30m/2h TUNEL Knight et al., 2008
Rat 30m/30m TUNEL Dong et al., 2011
Rat 30m/1h TUNEL Liu et al., 2008
Rat 3h/24h Caspase 3 Alloatti et al., 2009
car O:;)"rl]a;ggytes Rat 3h/18h TUNEL Qietal., 2011
Rat 3h/1h TUNEL/Annexin V/PI Kempf et al., 2006

Caspase, cysteine aspartate—specific protease; d, days; h, hours; |,
ischaemia; m, minutes; PI, propidium iodide; R, reperfusion; TUNEL,

terminal

transferase mediated dUTP nick—end

deoxynucleotidyl
labelling.
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Figure 1.14. Extrinsic and intrinsic pathways leading to apoptosis. (Li-Weber,
2010)

APAF-1, apoptotic protease activating factor—1; Bak, Bcl-2 homologous
antagonist killer; Bax, Bcl-2—associated X protein; Bcl-2, B cell lymphoma 2;
Bcl—xL, B cell ymphoma—extra large; Caspases, cysteine aspartate—specific
proteases; cFLIP, cellular FLICE inhibitory protein; DIABLO, direct IAP
binding protein with low pl; FADD, Fas—associated death domain; Mcl-1,
induced myeloid leukemia cell differentiation protein; Smac, second
mitochondria—derived activator of caspases; tBid, truncate BH3 interacting
domain death agonist; TNF-a, tumour necrosis factor-alpha; TRAIL, TNF—
related apoptosis—inducing ligand; XIAP, X-linked inhibitor of apoptosis
protein.

The loss of viable cardiomyocytes via necrosis or apoptosis will result in
progressive cell loss and deterioration of contractile function of the heart, with
an increasing load placed on the remaining functioning cardiomyocytes. In
addition, cell loss can also cause slippage of muscle bundles, wall thinning,
and chamber dilatation (Foo et al., 2005), negatively influences the anatomy
and haemodynamics of the heart. Therefore, pharmacological interventions
to inhibit cell death may help to salvage the myocardium from IR—induced cell

loss and contractile dysfunction.
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Greater understanding of the mechanisms underlying myocardial IR injury
will lead to the development of new pharmacological interventions to confer
cardioprotection. Until recently, a list of cardioprotective agents has been
proposed in animal models against IR injuries but translation to clinical trials
faced certain challenges, including the inadequacy of suitable IR injury
animal models used in the preclinical investigations and inappropriate design
of the clinical studies (Hausenloy et al., 2010). There are small preliminary
clinical studies which have demonstrated cardioprotection (e.g.
postconditioning), but this remains to be confirmed in larger clinical trials
(Staat et al., 2005, Ma et al., 2006).
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1.3. Diagnosis of myocardiac infarction—Cardiac biomarkers

Myocardial damage and the subsequent loss of membrane integrity lead
to the release of cardiac biomarkers into the circulation. The emergence of
cardiac biomarkers offers clinician additional information, which is helpful in
the decision—making in treating patients with heart disease. The most
commonly used biomarkers in cardiac risk stratification are CK-MB, TnT and
Tnl, and brain natriuretic peptide (BNP; Christenson and Azzazy, 2009).
Other biomarkers, including myoglobin, LDH, ischaemia—modified albumin,
aspartate aminotransferase have been used in diagnosis of cardiac
complications but these are not routine. A multimarker approach has been
proposed for comprehensive risk assessment but there are limitations and

challenges needed to be recognised (Daniels and Maisel, 2010).
1.3.1. CK-MB

A relatively high level of CK—MB is found in the myocardium (20 — 30 % of
total myocardial CK), with only small amount being present in skeletal muscle
(about 2 % of total muscle CK; Lewandowski et al., 2002). Plasma CK-MB
levels increase by 2 — fold within 6 hours and peak within 12 — 24 hours in
the range of 39 — 185 ng/ml in the setting of AMI (Figure 1.15). Plasma CK-
MB is normally calculated as a percentage of total CK enzyme (total CK
activity in units of enzyme per litre; Lewandrowski et al., 2002).Serial
measurements every 3 hours over 9 hours after emergency department
presentation, instead of a single measurement of CK-MB, detect AMI with
higher sensitivity (close to 100 %; Gibler et al. 1995). CK—MB is also useful in
diagnosing reinfarction in patient who has already suffered a M| because of
its sudden rise and subsequent early fall; therefore subsequent elevations

are indicative of another event (Peela et al., 2010).
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Figure 1.15. Multiple biomarkers release after AMI. Upper limit of normal
represents the upper reference limit of the normal range. (Anderson et al.,
2011)

AMI, acute myocardial infarction; CK, creatine kinase; CKMB, creatine kinase
muscle type; CV, coefficient of variation.

1.3.2. TnT and Tnl

TnT and Tnl are released into the bloodstream when the myocardium is
damaged, with levels rising within 4 — 8 hours, peaking at 12 — 24 hours
following AMI (Collison, 1998, Frey et al., 1998, Wu and Feng, 1998), these
remaining elevated for up to 7 — 10 days (Tnl) and up to 2 weeks (TnT). Their
persistent release is due to slow dissociation of Tn molecules from the actin
filaments, giving clinicians a large window for diagnosing recent AMI.
Consequently, this prolonged elevation appears to be a superior and
sensitive marker for initial MI diagnosis, but has diminished the accuracy in
diagnosing reinfarction or extension of infarction. Tnl is considered as the
gold standard for AMI diagnosis (Alpert et al., 2000, Babuin and Jaffe, 2005),
with greater specificity compared with CK-MB (100 % versus 90.9 %), but
CK-MB is more sensitive (63 % versus 11 %) for AMI diagnosis (Basu et al.,
2009). TnT lacks specificity because elevations may appear with renal failure

and skeletal myopathies as well (Kost et al., 1998, Kumar and Connon, 2009).
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1.3.3. BNP

BNP is a 32 amino acid neurohormone released in response to increased
wall tension and stretch. Its utility in cardiac injury diagnosis is due to the
impaired diastolic and systolic functions occur at the onset of ischaemia,
which leading to increased left ventricular pressure and volume overload
(Daniels and Maisel, 2007). BNP is synthesized as a pre—pro BNP that is
enzymatically cleaved into biologically active BNP and N-terminal proBNP
(NT—proBNP) remnant (McCullough and Sandberg, 2003). The release of
BNP into the blood circulation is in proportion to the degree of heart injury
(Maeda et al., 1998). Both BNP and NT—proBNP have been described as
useful biomarkers for heart failure (Maisel et al., 2002, Morrison et al., 2002);
BNP levels with different heart failure classes are listed in Table 1.3 (Strimike,
2006). A BNP level > 144 pg/ml predicts cardiac dysfunction with 92 %
sensitivity and 86 % specificity (McLean et al., 2003). BNP levels in patients
with LV diastolic dysfunction are normally in the range of 300 — 480 pg/ml,
while it is 550 — 280 pg/ml in patient with LV systolic dysfunction. For patients
with both systolic and diastolic LV dysfunction, however, BNP levels can
reach 800 — 1300 pg/ml or above. BNP is thought to be a good screening tool
to rule out cardiac dysfunction, but since it can be elevated in a variety of
cardiac conditions, it provides little help in differential diagnosis and has low

specificity for detecting specific heart disease (McLean et al., 2008).

Table 1.3. BNP levels with different heart failure classes.

Chronic Heart Failure Class | BNP Levels (pg/ml)

Mild 83 -152

Mild to moderate 235-322
Moderate to severe 459 - 590
Severe 960 — 1119

(Strimike, 2006)
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1.3.4. Myoglobin

Myoglobin is a 17.8 kDalton cytosolic haem protein found in both skeletal
and cardiac muscles (Christenson and Azzazy, 1998). It is a sensitive marker
for muscle damage due to its rapid kinetics as it is released during early
myocardial injury and can be detected within the circulation in less than 30
minutes (Figure 1.15). Its half-life in plasma is approximately 9 minutes and
then quickly excreted by renal clearance (Klocke et al., 1982). However,
serum myoglobin levels can be raised by conditions unrelated to MI, such as
skeletal muscle and neuromuscular disorders, renal failure, strenuous
exercise, intramuscular injection, and following several drugs and toxins
intake (Plebani and Zaninotto, 1998), compromising its clinical specificity.
Besides, patients with renal insufficiency will have increased myoglobin
levels owing to the decreased clearance. This limitation can be resolved by
the combined assessment of myoglobin and a skeletal specific marker (e.g.
carbonic anhydrase lll; Beuerie et al., 2000) or a cardiac specific marker

(creatine kinase; Igbal et al., 2004).
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1.4. Detection of cardiac biomarkers

The presence and levels of cardiac biomarkers in the bloodstream can be
determined by sensitive assays, such as electrophoresis and immunoassays.
The properties of an ideal detection method are: rapid sample analysis time
(or rapid turnaround time), simple to perform, and relatively low cost. In 2000,
the guidelines for cardiac biomarkers of myocardial necrosis recommended a
turnaround time of < 1 hour, but preferably < 30 minutes (Braunwald et al.,
2000). However, not many hospitals were able to meet this standard (Apple
et al., 2007). The following section described the most important and

clinically useful cardiac biomarker detection methods.
1.4.1. Electrophoresis/lon exchange column chromatography

CK and LDH isoenzymes were traditionally measured by a labour—
intensive electrophoretic method (Griffiths and Handschu, 1977, Leroux et al.,
1984). However, this technique is error—prone when immunoglobulin—bound
CK-BB or other fluorescent drugs migrate close to the CK—MB region
(Aleyassine et al., 1978, Ljungdahl and Gerhardt, 1978). Although ion
exchange column chromatography can be used to separate CK—-MB, it is
laborious and false—positive results given (Griffiths and Handschu, 1977).
These methods have been replaced by more specific and sensitive

immunoassays.
1.4.2. Immunoassays

Immunoassays are the most common diagnostic assays currently in use
for measuring specific disease—associated proteins. Generally, a monoclonal
antibody is initially immobilized onto a well or bead, followed by a blocking
step to minimize non-specific binding. When sample is added, an antibody—
antigen complex is formed. Subsequently, an enzyme—conjugated secondary
antibody is added which binds to a different epitope than the capture
antibody. Eventually, an enzyme substrate is added and reaction product is

measured. Thorough washing is required between each step to get rid of
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excess reagent and non-specifically bound substances. Several
immunoassay methologies have been employed, including
homogenous/heterogeneous, direct/indirect, and competitive/sandwich

assays (Darwish, 2006).

Various immunoassays have been widely used in detecting cardiac
biomarkers, for example Tnl (Zaninotto et al., 1996, Apple et al., 1997), CK—
MB (Poirey et al., 2000), myoglobin (Delanghe et al., 1990), BNP and NT—
proBNP (Tamm et al., 2008, Liu et al., 2010). Enzyme immunoassay (EIA),
radioimmunoassay (RIA), and fluorescence immunoassay (FIA) are well
established techniques in clinical diagnostic laboratories, but these
techniques often require complicated equipment, multiple sample processing
steps, and well-trained personnel; hence considerable time (4 — 6 hours) is

required for the overall detection.

Electrochemical immunoassays (ECIA) are promising alternatives to the
existing immunochemical tests (Fowler et al., 2008). The common limitations
in RIA are the short half-life of radioactive agents, health hazards and
disposal issues, whereas FIA showed limited sensitivity in the analysis of
coloured or turbid samples. These complications do not exist in ECIA. The
specific binding between antigens (in the sample) and antibodies
(immobilized on electrodes) involved the reduction or oxidation of
electroactive species and hence generated a measurable electrical signal
(Patolsky et al.,, 2001, Limoges et al., 2003). With the advantages of
simplicity, accuracy, sensitivity, and relatively low cost (Wang, 2006), the use
of ECIA in detecting cardiac biomarkers is gradually increasing (Rajesh et al.,
2010, Saleh Ahammad et al., 2011, Zhuo et al., 2011).

1.4.3. Point—of—care devices

Due to the continuing clinical demand for rapid analysis (ideally < 30
minutes) of cardiac biomarkers, point—of-care (POC) testing has been
implemented in the emergency department in recent years (Lewandrowski,
2009). There are 2 main types of POC testing formats found in the clinical

setting bench—top analysers and hand-held devices (Table 1.4). These
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devices are predominantly based on immunoassay methods, such as two—

site immunometric assay and lateral flow immunoassay. The POC assays

are simple, rapid, accurate and proven to be clinically useful (Storrow et al.,

2006). The median time from blood sampling to reporting of results was 71

minutes for central laboratory versus 24 minutes for POC testing (McCord et

al., 2001). Similarly, a turnaround time for a POC assay was 20 minutes

compared with central laboratory testing of 79 minutes (Collinson et al.,

2004).

POC diagnostic devices also have the capacity to facilitate

multiplexed POC cardiac biomarker panels (Table 1.4), thus increasing the

accuracy in diagnosing heart complications.

Assay

Stratus® CS STAT
(Dade Behring
Inc)

i-STAT® (Abbott)

Triage® Cardiac
Panel (Biosite)

RAMP®
(Response
Biomedical Corp)

Cardiac Reader™
(Roche)

PATHFAST®
(Mitsubishi
Chemical Europe
GmbH)

Table 1.4. POC testing currently commercially available.

Assay type

Bench top two-site

immunometric assay

Handheld two-site

immunometric assay

Bench top flow through
immunometric assay

Bench top lateral flow

immunoassay

Bench top lateral flow

immunoassay

Bench top
chemiluminescent
analyser

Specimen

Heparinised plasma

Whole
blood/plasma

Plasma/EDTA
whole blood

EDTA whole blood

150 pl heparinised
whole blood

Whole blood or

Heparin/EDTA/citrat

e plasma

Time
(min)

15

10

10-15

8-15

12

12

17

Assay range (ng/ml)

CK-MB: 0-150
Myoglobin: 0-900
Tnl: 0-50

Tnl: 0-50

CK-MB: ND
Myoglobin: ND
Tnl: 0.04-50
BNP: ND

CK-MB: ND
Myoglobin: ND
Tnl: 0.03-32

Myoglobin: 30-700
TnT: 0.1-2

D-Dimer: 100-4000
NT-proBNP: 0.06-3

CK-MB: 2-500
Myoglobin: 5-1000
Tnl: 0.02-50
D-Dimer: 5-5000

NT-proBNP: 0.015-30

hsCRP: 50-30000

(McDonnell et al., 2009)

Analytical sensitivity

(ng/ml)

0.3
1
0.03

0.02

1
5

0.05
0.02

7.2
100
0.2

70

0.1

500

0.3 (acute HF)
0.125 (chronic HF)

2

5
0.02
5
0.015
50

hsCRP, high sensitivity C—reactive protein; ND, not defined.
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1.5. Microfluidics

Microfluidics is the science and technology of systems which manipulate
tiny amounts of fluids (nl or ul) using channels with tens to hundreds of pum in
dimensions (Whitesides, 2006). Microfluidics has been described as micro
total analysis system (UTAS) technology, lab—on—a—chip (LOC) systems, or
bio—microelectromechanical systems (Bio-MEMS). The applications of these
technologies to molecular biology, biomedicine and analytical chemistry have

attracted great attention in the past decade.

The use of microfluidic devices to conduct biological research offers
several advantages over other techniques, including (i) the use of a small
volume (nl or pl) of sample and reagent, because of the low volume channels,
(ii) portability due to reduced size of operating systems, thereby allowing on—
site operation and POC analysis, (iii) shorter assay times, and (iv) lower
production costs per device hence allowing potential for disposability (Bruus,
2008). These advantages are in contrast to conventional bench—top systems,
which are relatively time consuming, tedious, and require expensive

equipment.
1.5.1. Fluid flow and transport

The fluid flow through a microfluidic channel is characterized by the
Reynolds number (Re), which is originally proposed by Osborne Reynolds in

1883 (Osborne, 1883). Re is defined as follow:

Re = ”nﬂ Equation 2 (Rott, 1990)

Where p is the density of the fluid, d is the diameter of the channel, v is the

mean velocity of the moving fluid and 7 is the viscosity of the fluid. A Re >
2300 represents turbulent flow, whilst a Re < 2300 is indicative of laminar
flow. Laminar flow regimes dominate as the channels in microfluidic devices
are in small dimensions (Ong et al.,, 2008). When two or more streams
combine, they flow parallel to each other in organised lamina layers (Figure
1.16) and only mix through convective and molecular diffusion. Takayama’s
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group (1999) has demonstrated laminar flow patterning of bovine capillary
endothelial cells in capillary systems. Cells were adhered and spread in a
fibronectin—coated region and perfused with Trypsin/
ethylenediaminetetraacetic acid (EDTA), and media flowing from the
designated inlets. Trypsin/EDTA caused the detachment of cells where it
flowed. Such partial treatment on cells will give valuable new insight into cell

function.

v/ S SO
A
/ RN

/

Media

N

Figure 1.16. Laminar flow patterning of cells in capillary systems. Dashed
box shows only portions of a cell exposed to Trypsin/EDTA detached.
(Adapted from Takayama et al., 1999)

As the time of contact between two individual streams increases, the
diffusion between them increases (Figure 1.17). Diffusion can be modelled by
d? = 2Dt Equation 3

Where d is the distance a particle moves in time t, and D is the diffusion
coefficient of the particle. Diffusive mixing becomes critical at the microscale

as distance varies to the square power (Tabeling, 2005).

Solution 1

N\
/// Solution 2 Microfluidic channel

Solution 3

Figure 1.17. Diffusion between parallel streams in a microfluidic channel.
(Fang et al., 2009)
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Mixing is a critical issue in microfluidics. In macro systems, mixing can be
achieved by driving propellers or magnetic beads in the fluids. The resultant
inertia forces are sufficient to cause turbulence and mixing. In microfluidic
devices, however, the inertia forces are very weak and turbulence does not
occur, resulting in less homogenous distributions of metabolites and waste
products. Various types of micromixers (active and passive) have been
designed and shown to work effectively in the microfluidic systems to
facilitate mixing (Zhao et al., 2002, Panic et al., 2004, Park et al., 2004).

Fluid transport in microfluidic systems mostly depends on pressure—driven
or electrokinetically driven (or electroosmotic pumping) mechanisms (Molho
et al., 1998). Pressure—driven flow is induced by a positive or negative
displacement pump that is connected via tubing and connectors, to the
microfluidic device; whereas electroosmotic pumping is hon—mechanical, in
this instance an electric field is applied across the channel and the counter
ions at the channel wall move towards the electrode of opposite polarity,
hence creating fluid motion (Baker, 1995). Typical pressure—driven and
electrokinetically driven flow profiles are shown in Figure 1.18. The parabolic
flow of fluid driven by an external syringe pump gives higher flow velocities in
the centre than at the borders of the channel (Derveaux et al., 2008). On the
other hand, the pluglike or flat flow profile in electrokinetically driven flow has

equal velocities across the entire channel.

A 1, TX
[ =

l ......... . .

B f, i

Figure 1.18. Pressure— (A) and electrokinetically driven (B) flow profiles.
(Derveaux et al., 2008)
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1.5.2. Substrate materials for microfluidic devices

Microfluidic devices can be made up from silicon, glass and quartz. The
choice of material of these devices is vital as they have varying properties.
Glass has been the dominant material for microfluidic device fabrication
(Manz et al., 1992, Harrison et al., 1993), because its fabrication techniques
were well developed by the semiconductor industry. In addition, various
properties of the glass itself make it an excellent material in microfluidic
systems; however the cost of mass production is higher than some of the

polymers.

When considering cost, time and labour, a wide range of polymers have
been wused recently for the manufacture of microfluidic devices.
Polydimethylsiloxane (PDMS) has been one of the most actively developed
polymers in the field of microfluidics, due to its simple and inexpensive
fabrication process (soft lithography), optical transparency which is
compatible with optical and fluorescence microscopy, gas permeability that is
advantageous for gas exchange over extended culture periods, and non—
toxicity (McDonald et al., 2000). PDMS is a silicon—based polymer, with the
skeletal atoms comprising of an inorganic siloxane group and organic methyl
groups; the repeating unit is depicted in Figure 1.19. Two potential side
effects of PDMS microfluidic devices on the cell behaviour exist: adsorption
of small hydrophobic molecules into the polymer and leaching of uncured
PDMS oligomers into the channels (Regehr et al., 2009). A considerable
systematic drift in the measurements was found due to the changes of
surface chemistry of the PDMS when treated by plasma oxidation (Monahan
et al., 2002).

CH; Inorganic
‘ .-~ siloxane group

_.-I" Organic
[ _.— =T~ methyl group

—I'n... number of repetitions

Figure 1.19. Chemical structure of PDMS. (Adapted from Mark et al., 2005)
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1.6. Microfluidics — Biomimetic microenvironment

Inside any multicellular organism, cells inhabit a closely packed
environment with specific physicochemical properties (concentration of
growth and other soluble cellular regulatory factors, pH, oxygen tension,
temperature, osmolarity), where one cell type is always in contact with many
others. Although the major cellular components of the heart are myocytes
and fibroblasts, other cell types such as mast cells, macrophages, endothelial
cells, smooth muscle cells and lymphocytes are also present. These cells are
physically supported and receive important signals from the extracellular
matrix (ECM; Bissell, 2003). ECM plays a major role in growth and
development of the heart and in response to pathophysiologic stimuli
(Goldsmith, 2002). The combination of these biochemical, physical and
physicohemical factors constitutes the cell microenvironment, which in turn
regulates cell structure, function, behaviour and hence influencing growth,

development and repair.

It is important to be able to manipulate mammalian cells in vitro whilst
retaining their in vivo—like cellular microenvironment. The common problem in
in vitro cell manipulation is that monolayer of cultured cells in culture flasks
(or petri dishes and well plates) are extremely likely to behave differently to
the in vivo situation (Zhang, 2004). Microfluidics, however, can facilitate the
study of cell behaviour in vitro, by providing tools that create more in vivo—like
cellular microenvironments than current methodology offers
(Khademhosseini et al.,, 2005, Kim et al.,, 2007, Yeon and Park 2007,
Ziotkowska et al., 2011). In addition, microfluidic devices mimic the in vivo
condition, by continuously supplying enriched media to heart tissue biopsy in
vitro and removing waste products and gases (Hung et al., 2005). This allows
flow of fluid to resemble the human circulatory system. The well—-established
cell and tissue culture techniques in general do not offer this essential
perfusion, thus waste products are accumulated until a media change,

perhaps every 3 days.
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1.7. Microfluidics — Cardiac research

Microfluidics in cardiac research is still in its infancy. A number of
research groups have developed microfluidic devices to investigate single or
populations of cardiomyocytes. The architecture of these devices allows
multi—-parameter recordings via integration of electrochemical and optical
sensors. Li and Li (2005) were the first to develop a microfluidic device to
study the contraction of a single cardiomyocyte using fluorescence
measurement. A single cardiomyocyte was held at a V-shaped retention

>, of the cell was

structure within the chip. Quantitative analysis of [Ca
measured using the Ca*—sensitive fluorescent dye, Fluo—4 AM ester,
followed by the addition of ionomycin, an intracellular Ca?* stimulant. Li et al.
(2007) have also developed a microfluidic method to measure the real-time
cellular response of a single cardiomyocyte pertaining to drug discovery.
They have created a multiple—step liquid delivery system to examine the

response of cardiomyocytes to different drugs

Klauke et al. (2003) described a microchamber array in which single adult
rabbit ventricular myocytes could be stimulated continuously using planar
electrodes within a very small volume (100 pl), but microfluidics was not
incorporated. Single cardiomyocytes were contained within a limited
extracellular volume, simulating the metabolic conditions during myocardial
ischaemia. Later, these authors fabricated a microfluidic device with
microchannels and positioned two cardiomyocytes in adjacent microchannels
to study their extracellular potentials and currents during the course of an
action potential (Klauke et al., 2006). Sarcomere length and Ca®* transients
were monitored by using a fluorescent Ca?" indicator. They further monitored
the transmission of Ca®" waves across the intercellular gap junctions
between a pair of cardiomyocytes (Klauke et al., 2007). Cheng et al. (2006)
have described a microfluidic platform that allows real-time measurement of
ionic and metabolic fluxes from electrically—active, beating cardiomyocytes.
Cardiomyocytes were continually paced, while cell length, pH, [Ca®'] as well
as intra— and extra—cellular lactate were simultaneously measured on the

device.
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Using a microfluidic device called NanoPhysiometer, Werdich et al. (2004),
studied a single cardiomyocyte perfused continuously in a microchamber of
100 pl while the extracellular potential was measured using electroplated
platinum black planar microelectrodes. The same device was also used to
measure pH in the extracellular environment in a volume of 0.36 nl using
electrochemical sensing electrodes for studying the acidification rates in
cardiomyocytes in a mouse model of very long chain acyl-CoA
dehydrogenase deficiency (Ges et al., 2008). Amperometric glucose—sensing
electrodes were then incorporated with this device to concurrently measure

glucose consumption of cardiomyocytes (Ges and Baundenbacher, 2010).

A dielectrophoresis microfluidic device was fabricated to orientate
cardiomyocytes along the direction of the electric field, which was controlled
by interdigitated—castellated microelectrodes (Yang et al., 2006, Yang and
Zhang, 2007), forming a tissue—like structure (Figure 1.20). This research
group also looked at the dynamic process of endothelin—1-induced
cardiomyocyte hypertrophy in a dielectrophoresis microfluidic device with an

impedence sensing system (Yang et al., 2007).

It is important to note that physiological heart development and its
functioning depend on the response of cardiomyocytes to mechanical stress
during haemodynamic loading. A microfluidic cardiac circulation model was
developed to mimic the in vivo—like mechanical stresses (Nguyen et al.,
2009). Cardiomyocytes were cultured on a thin flexible silicone membrane
and the preload and afterload conditions were dynamically controlled by

adjusting the flow rate or manipulating the fluidic resistance of microchannels.
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Figure 1.20. Cardiomyocytes orientation in a microfluidic device. (a) No
voltage applied, (b) alternating current at 2 V, (c) alternating current at 4 V.
(Yang et al., 2006, Yang and Zhang, 2007)

Micropatterned cells in microfluidic chambers have also been used for cell
toxicity studies, where the response of these cells to localized chemical
stimulation was assessed (Kaji et al., 2003). The cardiomyocytes were
selectively attached to the fibronectin—patterned PDMS areas. Localized flow
of octanol, a gap junction inhibitor, inactivated only those cardiomyocytes
exposed to the inhibitor, whilst the other part retained spontaneous and
synchronous pulsality (Figure 1.21). This approach offers a potential for use

in high—throughput drug screening in the future.
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Figure 1.21. Line—patterned cardiomyocytes in the microchannel (a). Part 1
was perfused with buffer and octanol and part 2 with buffer only. Time course
of fluorescence of cytosolic Ca?* measured when entire pattern was perfused
with buffer (b), followed by localized delivery of 100 uM octanol to part 1 (c).
(Kaji et al., 2003)

Moreover, microfluidics can also be used for cell sorting and separation. A
device has been established to separate myocytes and non—myocytes from
neonatal rat myocardium by passing them through microsieves (Murthy et al.,
2006). Throughout the separation procedure, cell viability was maintained at
70 — 80 %, and an enriched non—myoycte fraction was obtained (~ 13 %
myocytes present). This approach provided the least invasive separation
method to date as no chemical or biological interactions between cells and

device, or mechanical centrifugation and antibody labelling were required.
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Microfluidic device design offers the flexibility in incorporating different cell
culture compartments for the studies of interactions between multiple cell
types. Recently, rat superior cervical ganglion neurons and ventricular
cardiomyocytes were co—cultured in separate microcompartments
interconnected with microconduits (Takeuchi et al., 2011). Connection via
these conduits was formed within 3 days of seeding. Electrical stimulations
applied to the neurites affected the beating rate of the cardiomyocytes.
Another, low shear, microfluidic culture device has demonstrated IR injury of
primary porcine cardiomyocytes, by subjecting the cells to 3 — 4 hours of
hypoxia, followed by normoxia (Khanal et al., 2011), monitoring mitochondrial

membrane potential and morphological changes by fluorescence on—chip.

Overall, there are almost limitless potential of microfluidic systems as a
research tool, not only in cardiac field, but in all research areas. Integrated
microfluidic devices (i.e. combining separate analytical modules on single
device) may provide a platform technology for investigating heart
pathophysiology, and development of possible therapeutic strategies, since

new functionality and experimental paradigms are emerging in recent years.
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1.8. Aims of the study

Over the past 6 years, the rapid growth of microfluidic technology has
enabled novel miniaturised cell and/or tissue culture systems and assays.
However, in cardiovascular research, native heart tissue culture and
maintenance in microfluidic devices have not been reported. So far, most of
the microfluidic devices have been used to study isolated cardiomyocyte(s)
although some research has focused on cardiac tissue engineered from cells.
Therefore, this project aims to develop a microfluidic perfusion system that
allows the study of both healthy and diseased heart tissues in life—like in vivo
conditions, and functional changes in response to stress or treatments.

Specifically, the work demonstrated here aims to:

e Develop both PDMS- and glass—based devices for perfusion of
cardiac sample (rat and human)

e Design and integration of electrochemical modules that allow real—
time monitoring of total ROS

e Induce IR damage on—-chip and measure gene expression analysis
off—chip using reverse transcription (RT)—polymerase chain reaction
(PCR) to determine appropriate markers

¢ Investigate the potential of redox—magnetohydrodynamic (redox—MHD)
to give improved control of the mixing around the tissue biopsies

e Develop an electrochemical microsensor for CK-MB measurement
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2.1. Experimental Models
2.1.1. Rat model

All studies conform to the UK Animals (Scientific Procedures) Act 1986
and approved by the University of Hull Ethical Review Process. Male
Sprague Dawley rats (Charles River Laboratories International, UK) were
housed under conditions with a 12:12 hour light—dark cycle and provided with
food and water ad libitum. Animals were anaesthetized via intraperitoneal
injection of 1 ml / 100 g (body weight) sodium thiopentone (Link
Pharmaceuticals, UK) and the hearts were excised under a Schedule 1

procedure.
2.1.2. Human model

Human right atrial tissue biopsies were provided by Mr Steve Griffin
(Consultant of Cardiothoracic Surgery, Castle Hill Hospital). The use of tissue
biopsies was approved by the Hull and East Yorkshire Local Research Ethics
Committee (07/H1304/105) and Hull and East Yorkshire NHS Trust (R0568).
After excision, the heart tissue was immersed in cardioplegic solution
(Martindale Pharmaceuticals, UK) at 4 °C, the concentrate was diluted with
Ringer’s Injection in 1:50 dilutions immediately before use. The cardioplegia
solution contains 34 mM MgCl,, 20 mM KCI, 0.14 M NaCl, 2.16 mM
CaCl,.2H,0, and 1.15 M procaine hydrochloride.

Once transported to the laboratory at 4 °C (within 1 hour), the biopsy was

placed in the microfluidic perfusion chamber.
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2.2. Design of PDMS microfluidic chamber (Generation 1)

A perfusion chamber with a capacity of 800 ul was designed and made
from PDMS (polydimethylsiloxane) and a polystyrene petri dish of 35 mm in
diameter (Figures 2.1 and 2.2). The end of a 5 ml plastic syringe was
adhered to a petri dish (35 mm) with instant adhesive (Loctite 4850, Loctite,
UK) and used as a chamber mould (Figure 2.1). PDMS was prepared from
SYLGARD®184 Silicone elastomer kit (Dow Corning, US), composed of
curing agent (silicone resin solution) and PDMS monomer. They were evenly
mixed in a 1:10 ratio and the mixture (15 g) was subsequently degassed in a
vacuum dessicator for 30 minutes. Subsequently, the mixture was poured
onto the chamber mould, and the PDMS was left to cure at 75 °C for two

hours.

The cured PDMS slab was carefully removed from the silicon wafer and
chamber mould and five apertures punched as shown in Figure 2.3. These
holes were used for inlet and outlet tubings, working electrode (Pt), counter
electrode (Pt), and reference electrode (AgCl coated Ag wire). The perfusion
flow channel was rhombic in shape and contained a circular chamber of 7
mm diameter at the centre. A 2 mm thick PDMS slab was adhered at the

bottom of the circular chamber, serving as a holder for the heart tissue biopsy.

The PDMS slabs and petri dish were placed in a beaker of methanol and
subjected to ultrasonic cleaning for 5 minutes, followed by washing with
distilled water for another 5 minutes and then blow—dried with nitrogen. The
PDMS slabs were then treated with oxygen plasma using a SPEEDIVAC
coating unit (Model 12E6/1405, Edwards High Vacuum, UK) at 350 V, 20 mA,
pO, 8 mbar for 50 seconds (Ferguson et al., 1993). The bonding surfaces of
the PDMS slabs were subjected to high energy oxygen plasma which
stripped away electrons on the surface and generated exposed silanol (Si—
OH) groups (Owen and Smith, 1994), causing them to become hydrophilic
(Chaudhury and Whitesides, 1991, Owen and Smith, 1994) and forming
strong bonding between PDMS slabs and the petri dish. The bonded PDMS
device (Figure 2.2) was placed in a 75 °C oven for 30 minutes to enhance
bonding (McDonald and Whitesides, 2002).
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Figure 2.1. PDMS perfusion chamber making procedure.

Tissue
chamber

Inlet

[ |

PDMS perfusion chamber
(See Figure 2.2)

Figure 2.2. PDMS perfusion chamber (top view).
1, Working electrode (Pt); 2, Counter electrode (Pt); 3, Reference electrode

(AgCl coated Ag wire)
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1. End of a syringe was
glued on a petri dish, as
chamber mould

2. Degassed PDMS mixture
was poured onto the mould
and a new petri dish

3. Cured PDMS peeled
from the mould,
apertures were punched

4. After methanol and water
cleaning, cured PDMS and a
PDMS layered petri dish were
treated with oxygen plasma
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Figure 2.3. PDMS perfusion chamber with heart tissue.
1, Working electrode (Pt); 2, Counter electrode (Pt); 3, Reference electrode

(AgCl coated Ag wire); X and Y, stimulation electrodes (Pt)
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2.3. Perfusion system setup — PDMS microfluidic chamber

The perfusion system was set up as shown in Figures 2.4 and 2.5. Initially,
the microfluidic system was sterilised with 70 % (v/v) ethanol/water by
perfusion at 120 pl/minute for 10 minutes and rinsed with sterile double
distilled water. The microfluidic device was then primed with Krebs—Henseleit
bicarbonate buffer (KHBB; pH 7.4) containing 118 mM NacCl, 25 mM NaHCOg3,
4.8 mM KCI, 1.2 mM KH;POQOq4, 1.2 mM MgSO,.7 H,0, 2.5 mM CaCl,.2 H,0O
and 5 mM glucose. The buffer was supplemented with 100 U/ml penicillin
and 0.1 mg/ml streptomycin (Sigma—Aldrich, UK) and filtered by passing
through a 0.22 um syringe filter (Millipore Corporation, US) prior to use.

In brief, hearts were rapidly excised and the aorta cannulated on a
Langendorff perfusion apparatus (Akki et al., 2008). A section of right
ventricular tissue, excised from rat heart or human right atrial tissue biopsy
(obtained from the hospital), was placed directly into the chamber of
perfusion device after rinsing in KHBB. The perfusion chamber was
positioned on a 37 °C hotplate (World Precision Instruments, UK; Figure 2.4).
Buffer was introduced to the chamber via the inlet and was removed through
the outlet. In this way, the heart tissue was supplied with fresh nutrients
throughout the experiment. Both the inlet and outlet were connected to two
Minipuls3 peristaltic pumps (Gilson, France) at a flow rate of 120 ul/minute.
KHBB was gassed with 95 % O, / 5 % CO, (BOC, UK) in a water bath of 37
°C (Grant Instruments, UK). Heart tissue was electrically stimulated via two
platinum wire electrodes using a programmable function generator at 3 - 4
Vicm, 1.5 Hz (Thurlby Thandar Instruments, UK). Contraction of the heart
tissue was monitored using a microscopic camera (Veho, UK). The lid of the
microfluidic chamber was designed to accommodate ports for fluid inlet and
outlet, as well as the stimulating electrodes. Approximately 240 pl effluent (i.e.
2 minutes collection time) was collected from the outlet tubing and stored at —
20 °C for subsequent LDH or/and H,O, analyses. After an extended period of

perfusion, the heart tissue sample was perfused with 2 % (w/v) Triton X100
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for at least 30 minutes (or otherwise stated), to induce cell lysis and LDH

release.
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Figure 2.4. Schematic view of the Generation 1 perfusion system.
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Figure 2.5. Photograph of the Generation 1 perfusion system.
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2.4. Design of glass microfluidic device (Generation 2)

A second generation glass microfluidic chip was manufactured by Dr
Steve Clark (Department of Chemistry, University of Hull), using standard

photolithographic techniques (Figure 2.6).

Briefly, the chrome masked glass plate was coated with photoresist, a
liquid polymeric material and then a master mask containing the design
layout of the device, i.e. the blueprint of the glass chip, was laid on top. By
exposure to ultraviolet (UV) light through the mask and onto the glass plate,
individual areas of the photoresist were selectively exposed to light and
changed chemically on the glass plate. Subsequently, the glass plate was
immersed in a developer solution, dissolving areas of photoresist that were
exposed to light and leaving the remaining photoresist patterned with the
desired layout of the device. The Cr mask and glass were etched
simultaneously, in a 1 % hydrofluoric acid/5 % ammonium fluoride solution at
65 °C, before the Cr mask and photoresist were stripped off. Finally, a new
glass cover plate was bonded on the etched glass plate, forming the capillary

or microchannel of the device.

The design of microfluidic device is given in Figure 2.7, composed of two
separate layers; with the top and bottom layers 3 mm and 1 mm thick,
respectively. The top layer contained holes of specific diameters (3 mm),
whereas the bottom layer was etched with channels, the two layers were
then thermally bonded together at 595 °C for 3 hours. Three 3 mm apertures
were drilled on the top layer for a tissue chamber (centre), and two
stimulation electrodes. In addition, five 0.8 mm apertures were drilled for
polyether ether ketone (PEEK) tubing connection points. Either of the ports,
A or B was used as inlet, whilst either port D or E was used as the outlet.

Port C was used as a pre—tissue sampling point.
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Photoresist
1. Cr masked glass plate

Cr mask coated with photoresist

Master mask
with design
layout

2. Exposure to UV light
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3. Positive photoresist
developed

4. Exposed Cr mask etched

5. Exposed glass etched

| Glass L | 6. Photoresist and Cr stripped

7. Glass cover plate bonded

Glass to form capillary

Glass ||

Figure 2.6. The etching process.

Cr, chrome; UV, ultraviolet.
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0.5cm

A-E PEEK tubing connection points

° 0.8 mm outer diameter
SE Stimulation electrode aperture

o} 3 mm outer diameter
TC Tissue chamber aperture

Figure 2.7. Schematic design of the glass microfluidic chip.

Two glass microfluidic chips with different component assemblies have
been developed, namely Generation 2.1 and 2.2 (Figures 2.8.A and B,
respectively). A nanoport reservoir assembly (Kinesis, UK) was bonded on
top of the tissue chamber aperture, according to the company instructions.
PEEK tubings (0.8 mm OD x 0.38 mm ID, Kinesis, UK) in Generation 2.1 was
bonded onto the glass with ferrules (GC Supplies, Australia) and Araldite
adhesive (Bostik Findley, UK). Whereas for Generation 2.2, headless 6—-32”
coned nanoport assemblies (Kinesis, UK) were used to hold PEEK tubings
and stimulation electrodes. Gauge plugs (Kinesis, UK) were used to replace

the nanoport nut (Kinesis, UK) at unused ports.

The stimulation electrodes in Generation 2.1 were made from platinum
wire sealed in glass capillary (Figure 2.9). First, silver paste
(Creativematerials, US) was used to connect one end of the wire (1 cm
stripped) to the platinum wire (1 cm) and left overnight for curing at room
temperature. The wire was fed through a hollow glass capillary (3 mm outer
diameter). Both ends of the glass capillary were sealed with Norland optical
adhesive (Norland Products, US), by exposure to UV light (Spectronics
Corporations, US; wavelength 365 nm) for 4 hours. The electrodes were

polished with polishing pads (Kemet International, UK) to expose a new
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platinum surface, and continuity test was performed before the electrodes
were bonded onto the chip using Araldite adhesive. Stimulation electrodes in
Generation 2.2 were developed by directly placing 2.5 cm platinum wire

through the nanoport nut and being glued in place with Araldite adhesive.

C SE TC SE D
(A)
E
B
A PEEK tubing
~ Nanoport
Ferrule
(B8)
PEEK tubing
Gauge plug E
A
Nanoports
Buffer in : Si SE T Buffer out
©)
TC
A D
0
[ |%em Heart tissue

Figure 2.8. Generation 2 glass chips. (A) Generation 2.1, PEEK tubings were
bonded to the glass with ferrule and Araldite adhesive. (B) Generation 2.2,
nanoports function to hold PEEK tubings in place, gauge plugs were used in
unused ports. (C) Side view.
A-D; PEEK tubing connection ports; SE, stimulation electrode; TC, tissue
chamber.
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Stimulation electrode (Generation 2.1)

Stimulation electrode (Generation 2.2)

Figure 2.9. Stimulation electrodes for Generations 2 chips.
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2.5. Perfusion system setup — Glass microfluidic chamber

The glass microfluidic chip was placed on top of a hotplate (Linkam
Scientific Instruments, UK) in an incubator box (Figures 2.10 and 2.11),
manufactured from polycarbonate by the Mechanical workshop at University
of Hull. The box was designed by myself in collaboration with a clinical
colleague, Dr I. Riaz, who is also undertaking a PhD in the group. The

internal view of the apparatus arrangement is showed in Figure 2.11.

A type K thermocouple wire (TC Direct, UK) connected to a dual input
multi thermocouple type indicator (TC Direct, UK), was placed on top of the
glass chip to monitor temperature. The hotplate was connected to a MC 60
controller (Linkam Scientific Instruments, UK) and the temperature was set,
so that the glass chip was maintained at 37 °C. Before experimentation
commensed, the glass microfluidic chip was sterilised with 70 % (v/v)
ethanol/water by perfusion at 120 pl/minute for 10 minutes and then rinsed
with sterile double distilled water. KHBB buffer was gassed with 95 % O,/ 5 %
CO, for at least 30 minutes at 37 °C, before being transferred into a glass
syringe which was then positioned in the syringe pump (Harvard Apparatus,
UK) and connected to the glass chip via an adapter. The glass chip was
primed with oxygenated KHBB for at least 20 minutes before a sample was
introduced. The syringe pump was switched on throughout transfer of the
tissue sample into the tissue chamber. After an extended period of perfusion,
the heart tissue was perfused with 2 % (w/v) Triton X 100 for 30 minutes (or

otherwise stated), to cause cell lysis and LDH release.

Approximately 240 pl effluent (i.e. 2 minutes collection time) was collected
from the outlet tubing during perfusion and stored at —20 °C for subsequent
LDH analysis off—chip.
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with adhesive
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Figure 2.10. Polycarbonate incubator box.
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Glass syringe containing Heat mat connected to thermostat

oxygenated KHBB

Hotplate (37 °C)

Tissue chamber

A — PEEK tubing
Syringe driver

(set at 120 pl/minute) Eppendorf tube collecting effluent

sample

Type K thermocouple wire

Electrical stimulation (3—4 V/cm, 1.5 Hz)

Figure 2.11. Generation 2 perfusion system.
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2.6. Measurement of LDH release

To quantify the extent of cell damage, a ubiquitous cytoplasmic enzyme,
LDH was assayed using a colourimetric cytotoxicity assay [Cytotoxicity
Detection Kit P“s (LDH), Roche, UK]. Effluent samples were analysed for
LDH as shown in Figure 2.12. Serial dilutions of pure enzyme from rabbit
muscle (0 — 0.6 U/ml; Sigma—Aldrich, UK) were used as a standard, whereas
KHBB served as the control. Rabbit LDH was used thoughout these work as
rat LDH was not available. The reaction mixture (50 ul) was added to 50 pl of
sample in a 96-well plate, which after gentle shaking was incubated at 37 °C
for 30 minutes. Finally 50 pl of stop solution (1 M HCI) was added into each
well and the plate was shaken gently. Absorbance was measured at 490 nm
using a microplate reader (BioTek Instruments, US). The results were
expressed as the mean determined from triplicate samples. The absorbance
value obtained from the control was subtracted from all test values.
Absorbance values of the samples were converted to LDH activity (U/ml)
according to the LDH standard curve (Figure 2.13). The LDH activity was
then divided by the wet weight of heart tissue and presented as U/ml/g in the

entire thesis.

lactate /LDH\ » Pyruvate
NAD* NADH + H*
formazan salt (red) . = \ / tetrazolium salt
Catalyst
(Absorbance measured at 490 nm) (pale yellow)

Figure 2.12. Principle of LDH assay.

LDH, lactate dehydrogenase; NAD", oxidised form of nicotinamide adenine

dinucleotide; NADH, reduced form of nicotinamide adenine dinucleotide.
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Figure 2.13. Representative LDH standard curve. The absorbance values
shown were corrected for background activity. A new standard curve was run

for every experiment.
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2.7. Viability of heart tissue

Cell viability was evaluated using Calcein—acetoxymethyl ester (Calcein
AM; Invitrogen, UK) and Propidium lodide (PI; Sigma-Aldrich, UK) as
described previously (Hattersley et al., 2008). Calcein AM is hydrophobic and
allows the entry through the plasma membrane of a cell which, when
hydrolyzed within a viable cell, becomes a membrane impermeable
carboxylate fluorescing at 494 nm (Haugland et al., 1994; Figure 2.14). PI
only enters cells with disrupted plasma membranes, intercalates with the
DNA and fluoresces at 536 nm (Sasaki et al., 1987), hence providing a

measure of dead or dying cells.
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Figure 2.14. Calcein AM for determining cell viability.

Calcein AM was prepared by dissolving in Pluronic F-127 (Invitrogen, UK)
before use. Tissue samples after perfused in the microfluidic chamber were
initially incubated with 50 pl of 10 uM Calcein AM (Aex = 494 nm, Aem = 517
nm) in phosphate buffered saline (PBS) for 1 hour. The tissue was then
washed with PBS to remove excess probe and subsequently incubated with
50 pl of 3.75 mM PI (Aex = 536 nm, Aeyy = 617 nm) for 10 minutes and finally
washed again with PBS. The imaging of cardiac tissue was carried out using
a laser—scanning inverted confocal microscope (Nikon Eclipse TE2000-E)

equipped with Helium/Neon and Argon lasers, and Lazershop 2000 software.
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2.8. H,O, measurement

The release of one of the major ROS, H,0,, was measured biochemically
in the current system for validating the total ROS examined by

electrochemical means (Section 2.9).

The concentration of H,O, in the effluent was determined using a
commercial Amplex red hydrogen peroxide assay kit (Invitrogen, UK). The
principle is given in Figure 2.15. A standard curve ranging from 0 to 5 pM
H.O, was generated for each experiment (Figure 2.16). Samples (50 ul) were
incubated with 50 pl of reaction mixture containing 100 uM Amplex red
reagent and 0.2 U/ml horseradish peroxidase (HRP) for 30 minutes at room
temperature. Absorbance at 562 nm was measured using a microplate
reader (BioTek Instruments, US). All results were corrected for background
absorbance (KHBB alone) and expressed as the average of duplicate

samples.

Amplex Red Resorufin

HO\©:Q oH Peroxidase HO o 0
N: i : ‘N :
|
C-CH,
; Absorbance measured at 562 nm

|
O

!~{202 02

Figure 2.15. Principle of H,O, assay.
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Figure 2.16. Representative standard curve for H,O,. The absorbance
values shown were corrected for background activity. Standard curves were

run for every series of analyses.
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2.9. Integrated electrochemical analysis of total ROS

During the perfusion, a three—electrode electrochemical system was
integrated into the Generation 1 perfusion chamber via a potentiostat
(PalmSens Instruments, Netherland), as shown in Figure 2.3.A, to monitor
the level of total ROS. This work was done with the help of Dr Y Dou, a post—
doctoral researcher within the department. This system contained a custom—
designed Pt electrode (250 um in diameter) sealed in a glass tube (3 mm
outer diameter) which served as a working electrode, a Pt wire as a counter
electrode and a Ag wire with a layer of AgCl operating as a quasi-reference
electrode. The AgCI layer was electrochemically coated by placing the Ag
wire in 100 mM NacCl solution and holding the potential at 0.45 V vs Ag/AgCI
(3 M NaCl) for 10 minutes until the oxidation current tailed to a minimum.
Prior to use, the working electrode was polished with 0.3 pum and 0.1 pm
alumina slurry on polishing pads (Kemet International, UK) simultaneously
and then cleaned successively in 10 % (v/v) HNO3 and water in an ultrasonic
bath. By using the potentiostat, cyclic voltammetry (CycV) scans from 0 V to
—1.0 V and from 0 V to 1.0 V versus reference electrode were recorded, at
the same time as effluent samples were collected for LDH and/or H,O,
assays. Oxidation and reduction currents were analysed subsequently.
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2.10. Redox-magnetohydrodynamic induced mixing

Redox—magnetohydrodynamics (redox—MHD) can control the fluid flow
over a small scale in a redox species containing solution, using electric and
magnetic fields (Qian and Bau, 2009). The effect of the redox species and
magnet on the heart tissue sample in Generation 1 perfusion system was
investigated. The mixing or stirring effect, induced by redox—-MHD was

followed by the addition of microbeads that demonstrated movement.

2.10.1. Setup of parallel microfluidic perfusion system

A modified Generation 1 perfusion system was designed to perform
studies on two tissue samples simultaneously (Figure 2.17). Rat heart tissue
handling procedures and perfusion system settings as described in Section
2.3 were followed. Two tubings were attached to each peristaltic pump,
connecting parallel Generation 1 perfusion chambers. The tubing lengths
between two different components (A and B) of the system were identical so
that departure and arrival times of perfusion solutions were the same in both

chambers.
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Figure 2.17. Schematics of the experimental setup for MHD studies. (a) A
parallel perfusion system simultaneously perfused two tissue chambers (A
and B) and a square wave potential was applied to both sets of stimulating
electrodes. (b) An enlarged view of the device for studies involving the
magnet, showing the positions of hotplate, chamber, perfusion tubing,

platinum stimulating electrodes, and clips from wave generator.
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2.10.2. Magnet setup

A magnet configuration was chosen to view the bead motion as an
indicator of fluid flow in the chamber of the chip, using an inverted
microscope (Axiovert S100, Zeiss). A similar setup was also used for viability
experiments. Two permanent neodymium iron boron (NdFeB) sintered
magnets (1’ x 1" x 0.5’) were placed at the ends of a steel U-shaped bar in
an attracting arrangement with the magnetic field parallel to the plane of the
chip (Figure 2.17.b). A direct current magnetometer (AlfaLab, US) was used
to measure the magnetic field at the surface of each magnet; this reads 0.39
T (measurement was done by Prof Ingrid Fritsch, a collaborator from
University of Arkansas, USA). The magnet apparatus was placed on top of
the hotplate, with the chamber centred horizontally between the poles of the
magnet and orientated vertically about % the way up from the bottom of the
magnet. The chamber was placed over the centre (0.6 cm diameter) of the
hotplate to monitor fluid flow (with the inverted microscope) via the beads
added to the solution. A curtain was drawn around the chamber during bead
studies to minimize disturbance due to air currents which would otherwise
have added to the overall convection of the fluid because the chamber did
not have a lid due to electrode arrangement.
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2.10.3. Measurement of LDH in the presence of redox species

LDH activities in the effluent samples were determined as in Section 2.6,
except for those samples which contained redox species, where correction
was required to obtain actual LDH activities. The redox species tested in this
study included 5 mM Ruhex, 5 mM hydroquinone, or a mixture of 2.5 mM
potassium ferricyanide and 2.5 mM potassium ferrocyanide (Sigma—Aldrich,
UK). The effect of the presence of these redox species in a series of LDH
dilutions on the absorbance at 490 nm was checked (Chapter 7), by plotting
the prepared and calculated LDH activities. The calculated LDH activity was
derived from the Beer—Lambert Law (Ingle and Crouch, 1988):

A=¢CL Equation 4
Where A is the absorbance, ¢ is the molar absorptivity, C is the concentration

of absorbing species, and L is the path length.

Since the path length is constant in this study, the calculated LDH activity
(C) would be respective absorbance divided by molar absorptivity, which is

the slope of LDH standard curve (without redox species).

2.10.4. Buffer solutions

Buffer solutions required for the following experiments:
1) KHBB (See Section 2.3)
2) 2 % (w/v) Triton X100 in KHBB (Triton—KHBB)
3) The buffer solution containing 5 mM hexamineruthenium (l11) chloride
(Ruhex) in KHBB (Ruhex—KHBB).
4) The buffer solution containing 5 mM Ruhex in Triton—KHBB (Ruhex—
Triton—KHBB)
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2.10.5. Perfusion protocols

A schematic of the perfusion protocol is given in Figure 2.18. After
introduction of sample into the microfluidic device, the tissue was perfused
with KHBB for 84 minutes, followed by static incubation of KHBB, Triton—
KHBB, or Ruhex—Triton—KHBB for 6 minutes in the presence or absence of a
magnet. Subsequently, the incubation solution was washed away from the
tissue chambers by perfusion with oxygenated KHBB for another 90 minutes.
Individual variations in perfusion protocols are described in the appropriate
experimental chapter. For the final 30 minutes of all experiments, heart
tissues were perfused with Triton—KHBB to induce LDH release if the tissue
remained viable. Approximately 240 pl effluent was collected every 5 minutes
and stored at —20 °C for subsequent LDH analysis off-chip (Section 2.6). To
monitor the fluid flow caused by MHD and other convection sources (thermal
gradients and perfusion) under inverted microscope (Axiovert S100, Zeiss),
polystyrene latex microspheres (10 um diameter; Alfa Aesar, UK) were

added to the solution in a 1:30 dilution.

6 minutes static incubation of :
(1) KHBBor
Time =0 (2) Triton-KHBB or
(3) Ruhex-Triton-KHBB (+ magnet) Triton-KHBB

(30 minutes or otherwise stated)

KHEBB (84 minutes) KHBRB (90 minutes)

Figure 2.18. Perfusion protocol for redox MHD—induced mixing.
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2.11. On-chip ischaemia reperfusion model

IR injury was simulated in the microfluidic perfusion system in two ways: (i)
oxygen—deprived ischaemia, and (ii) nitrogen—induced ischaemia. Expression
of stress genes [endothelial nitric oxide synthase (eNOS), inducible nitric
oxide synthase (iINOS), heat shock protein 72 (HSP 72) and heat shock
protein 73 (HSP 73)] were measured using PCR. The expression of
additional genes including brain natriuretic peptide (BNP), tumour necrosis
factor-alpha (TNF-a), creatine kinase, muscle (CK-M), mitochondrial

creatine kinase (CKmito) and troponin T (TnT) were also examined.
2.11.1. Oxygen—deprived IR protocol

The Generation 1 perfusion system was set up as in Section 2.3. Right
ventricular tissue biopsies were excised from rat heart and one sample
placed directly into the chamber of perfusion device, the rest were kept in
cardioplegic solution at 4 °C until required.

Four phases were investigated (Figure 2.19):

1. A baseline sample was taken at the time of sacrifice.

2. A post—equilibration sample was subjected to 30 minutes equilibration.

3. A post—ischaemia sample was subjected to 30 minutes equilibration and
either a 20 or 40 minute ischaemic episode.

4. A post-reperfusion sample was subjected to equilibration (30 minutes),

ischaemia (20 or 40 minutes) and 30 (or 120) minutes reperfusion.

In addition, a separate set of samples were perfused for the same length
of time as in Figure 2.19, without exposure to ischaemia and reperfusion, as

a control.

Ischaemia was induced by cessation of flow (or perfusing with low pO;
KHBB) and electrical stimulation. A glass slide was used to cover the surface

of the PDMS chamber to ensure limited dissolution of oxygen into the buffer
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from the atmosphere in the Generation 1 device. The ischaemia treatment

lasted for either 20 or 40 minutes.

Reperfusion of the heart tissue was carried out by recommencing
perfusion with oxygenated KHBB buffer and electrical stimulation (Section
2.3) for 30 (or 120) minutes. The heart tissue was blotted to remove excess
liquid, weighed, and then snap—frozen in liquid nitrogen and stored at —80 °C
for subsequent RNA extraction, and analysis by PCR (Sections 2.11.3 —
2.11.7).
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Figure 2.19. Ischaemia reperfusion protocol.
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2.11.2. Nitrogen—induced IR protocol

The experimental setup and perfusion protocol were similar to that in
Section 2.11.1, except for exposure to a more severe ischaemic episode,
induced by perfusing with KHBB gassed with 95 % N,/ 5 % CO; (Energas,
UK) for 40 minutes, and 2 hours of reperfusion following ischaemia to allow
additional time for gene expression to alter. At the end of the experiment, the
perfused heart tissue was dried, weighed, frozen and analysed as previously

described.
2.11.3. RNA extraction

RNA was extracted using the RNeasy fibrous tissue mini kit (QIAgen, UK),

following the manufacturer’s protocol.

In brief, 300 pl of Buffer RLT containing 3 ul of B—mercaptoethanol (3—ME)
was added to the frozen heart tissue in a 0.5 ml polypropylene tube and
homogenised with a homogenizer (Omni International, US) for ~ 30 seconds.
The polypropylene tube was kept in a beaker containing ice during
homogenization. Subsequently, 590 pl of sterile RNase—free water was
added to the lysate, and 10 pl of proteinase K added to dissociate RNA—
protein complexes and digest proteins, such as contractile proteins,
connective tissue and collagen. The mixture was incubated at 55 °C for 10
minutes to inactivate any RNase and DNase still present. The mixture was
centrifuged at 10,000 g for 3 minutes at room temperature to pellet the debris.

The supernatant (900 ul) was transferred into a new, clean 1.5 ml
microcentrifuge tube and 450 pl of 100 % ethanol added which may
precipitate DNA and RNA. Finally, 700 ul of the mixture was transferred into
the RNeasy mini spin column within a 2 ml collection tube, and centrifuged at
8,000 g for 15 seconds at room temperature. The flow—through was
discarded and the remaining ethanol containing mixture (650 pl) was added
into the same column and the centrifugation was repeated. The RNA was

bound to the silica membrane of the spin column at this stage.
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Wash buffer (RW1, 350 ul) was added to the column and centrifuged at
8,000 g for 15 seconds at room temperature. Again, the flow—through was
discarded and 80 ul of DNase | mix was added directly onto the column to
digest any traces of DNA in the sample, and incubated at room temperature

for 15 minutes.

Subsequently, 350 ul of wash buffer (RW1) was again added to the
column and centrifuged at 8,000 g for 15 seconds at room temperature. The
flow—through was discarded and 500 pl of wash buffer 2 (RPE) was added to
the column to remove any residual DNA, and centrifugation was repeated.
The flow—through was discarded and a final wash with 500 pl of wash buffer

2 (RPE) was repeated.

The RNeasy column was finally transferred to a new collection tube and
sterile RNase—free water (30 pl) was added directly to elute the RNA. The
column was centrifuged at 8,000 g for 1 minute at room temperature and to
maximise the RNA vyield, the eluate was added back to the column
membrane and centrifuged again at 8,000 g for 1 minute at room

temperature.
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2.11.4. RNA gquantification

A GeneQuant Il RNA/DNA calculator (Pharmacia Biotech, US) was used
to quantify the extracted RNA. Tris.Cl (10 mM, pH 7.5) was used as a
reference control. A dilution of 1:50 (1 pl RNA and 49 pl of 10 mM Tris.Cl)
was made, mixed well, and spectrophotometric readings were recorded.

Total quantity of RNA was calculated using the equation below:

Total RNA quantity = Absorbance at 260 nm X coefficient of RNA X dilution factor
X total volume of RNA
Given that coefficient of RNA = 44 ug/ml; dilution factor = 50; total volume of RNA = 0.05 ml

The ratio of absorbances at 260 nm and 280 nm (Ao / Azgo ratio) was
used to determine the purity of RNA extraction. Pure RNA has a Ao/ Azso
ratio of 1.9 — 2.1 in 10 mM Tris.Cl, pH 7.5. An example of sample analysis is

given below.

Table 2.1. Example of a RNA spectrophotometric recording.

Ao 0.169
Ao 0.084
Ratio 2.021
Concentration 338 pg/ml
Total RNA 16.9 ug
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2.11.5. Reverse transcription

RNA (0.5 pg) was reverse transcribed using the Moloney murine leukemia
virus (M-MLV) reverse  transcriptase kit (Invitrogen, UK).
Oligodeoxythymidylic acid [Oligo (dT)1s] primer (1 pl of 500 pg/ml; Invitrogen,
UK) and 1 pl of 10 mM dNTP mix (Invitrogen, UK) were added to 0.5 pg of
RNA in a nuclease—free microcentrifuge tube. Sterile RNase free water was
added to make up a final volume of 12 ul. The mixture was incubated on a

heating block at 65 °C for 15 minutes and then quickly chilled on ice.

Next, 4 ul of 5 X first strand buffer ( 250 mM Tris—HCI, 375 mM KCI, 15
mM MgCl,, pH 8.3), 2 pl of 0.1 M dithiothreitol (DTT) and 1.25 ul of
RNaseOUT™ recombinant ribonuclease inhibitor (40 units/l; Invitrogen, UK)
were added and incubated for 2 minutes at 37 °C. After that, 1 pl of M—MLV
reverse transcriptase (200 Units/ul) was added into the mixture and reverse
transcription was carried out at 37 °C for 50 minutes. The transcriptase was

finally inactivated by heating the mixture at 70 °C for 15 minutes.
2.11.6. cDNA guantification

Complementary or copy DNA (cDNA) obtained above was quantified
using the RNA quantification method (Section 2.11.4), with a coefficient of 50
ug/ml for DNA. cDNA was stored at —20 °C for use in subsequent PCR

analyses.
2.11.7. Polymerase chain reaction

To set up a PCR mix, 12.5 ul of PCR mastermix (Promega, UK) was
mixed with 10 mM forward and reverse primers (Eurofins MWG Operon,
Germany), and 500 ng of cDNA. The volumes required are given in Table 2.2
and the sequences for the primers listed in Table 2.3. Sterile nuclease free
water was added to make up to a final volume of 25 pl. The 2X PCR
mastermix contained 50 units/ml of Thermus aquaticus (Tag) DNA
polymerase (pH 8.5), 400 uM dATP, 400 pM dGTP, 400 puM dCTP, 400 puM
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dTTP and 3 mM MgCl,. PCR for each gene were performed in a DNA
thermal cycler (SLS, UK) with the programmes listed in Table 2.4.

PCR reaction conditions (e.g. amount of DNA/reaction, amount of
primer/reaction, annealing temperature) were optimised for efficient

amplification of specific targets (Chapter 4).

Table 2.2. Volume of primers required for PCR.

____Gene ____Volume (u)

eNOS 1
iNOS 2
nNOS 1
HSP 72 1
HSP 73 1
BNP 2
CK-M 1
CKmito 1
nT 1
GAPDH 0.5
B- actin 1

N.B. All primers were reconstituted at 10 mM. The primer volume given refers
to an equal volume of both the forward and reverse primers e.g., 1ul eNOS

primers refers to 1ul of eNOS forward primer and 1ul of eNOS reverse primer.
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Table 2.3. Forward and reverse primer sequences.

Product Sequences (5’ — 3’) References
Iength ({]0)]

eNOS CGAGATATCTTCAGTCCCAAGC Di Napoli et al., 2002
GTGGATTTGCTGCTCTCTAGG
iNOS 305 TCTGTGCCTTTGCTCATGAC Grilli et al., 2003
CATGGTGAACACGTTCTTGG
nNOS 312 ATCGCACAAAGCTCCGCCCC NCBI
TCTGGCTTCCGCGTGTGCTG
HSP 72 491 TGCTGACCAAGATGAAG Nikaido et al., 2004
AGAGTCGATCTCCAGGC
HSP 73 254 CAATGACTCTCAGCGACAGGCA NCBI
TGTCAAAGTCTTCTCCGCCCAA
BNP 81 GATGATTCTGCTCCTGCTTTTCC Ito et al., 2008
GGAGACTGGCTAGGACTTCCC
CK-M 133 GTCCGTGGAAGCTCTCAACAG Mizuno et al., 2010
CAGAGGTGACACGGGCTTGT
CKmito 126 AGCAAGGATCCACGCTTTTCT Mizunoet al., 2010
TCTACCGATCCGATCTATGTT
TnT 114 AAGGCCAAAGTCACCGGGCG NCBI
TCGGGTGCCTGGCAAGACCT
GAPDH 551 ACCACAGTCCATGCCATCAC NCBI
TCCACCACCCTGTTGCTGTA
- actin 452 GGGCCGTCTTCCCCTCCATC Di Napoli et al., 2002
GTCACGCACGATTTCCCTCTC

Table 2.4. PCR profile times and temperatures.

Steps

Initiation | Denaturation | Annealing | Extension | Final extension

(°C I minute) (°C / minute) (°C / minute) | (°C / minute) (°C / minute)

Genes

No of
cycle

eNOS

iINOS

nNOS
HSP 73

CK-M 94 /2 94 /1 60/1 72171 w207
CKmito

nT
GAPDH

B-actin

HSP 72 94/2 94 /1 50/ 1 7211 217

BNP 94/2 94 /1 56 /1 7211 200
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2.11.8. Gel electrophoresis

The PCR products were separated on a 2 % (w/v) Ultrapure agarose gel
(Invitrogen, US) in 1 X TBE buffer ( 89 mM Tris—base, 89 mM Boric acid, and
2 mM EDTA), stained with 10 pg/ml ethidium bromide (Bio—Rad Laboratories,
US). PCR product (6 pl) was mixed with 6 pl of 1X DNA gel loading buffer
(0.042 % (w/v) bromophenol blue, 0.042 % (w/v) xylene cyanol FF, and 5 %
(v/v) glycerol in water). The mixture (10 ul) was then loaded into the gel. In
addition, DNA ladder (Invitrogen, UK) was loaded to the gel and run at 90 mV
for 30 minutes and photographed under UV using Gene Flash Bio Imaging
System (Syngene, US). A representative gel image is shown in Figure 2.20,
using a 100 bp DNA ladder from Invitrogen.
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Figure 2.20. Representative gel image.

2.11.9. Statistics

The bands on the gel were analysed and quantified using ImageJ
software (version 1.37c). The density for each PCR products was normalized
to that of B—actin. Significance was analysed using repeated measures
analysis of variance (ANOVA,; Miguelez et al., 2011, Ohlin et al., 2011).
Statistical advice was acquired from Mr Adrian Midgley (Department of Sport,

Health and Exercise Science, University of Hull).
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2.12. Development of creatine kinase MB microsensor

A CK—MB microsensor was made from a carbon fibre microelectrode and
CK-MB antibody was adhered onto its surface via ferrocene—carboxaldehyde
(Fc—CHO).

2.12.1. Microelectrode fabrication

Single carbon fibres with 7 pm diameter were first separated from a
bundle of carbon fibres. Microelectrodes were made by aspirating carbon
fibres into 1.65 mm diameter borosilicate glass capillary tubes (Bibby Sterilin,
UK; Figure 2.21). Each capillary was then pulled with a micropipette puller
(Sutter Instrument, US), and filled with graphite powder (Hopkin and Williams,
UK). An insulated wire, with both ends exposed, was inserted into each glass
capillary and a seal was achieved by adding adhesive (Permabond
Engineering Adhesives, UK). Surface area of exposed carbon fibre is the
critical determinant for the CK-MB antibody adherence. However, when
visualised by naked eyes, the thickness of several carbon fibres was very
similar to one carbon fibre. Therefore, each microelectrode was checked
under the microscope, to ensure that only one carbon fibre was trapped in
each capillary. The carbon fibre protruding from the glass tip was subjected
to electrochemical deposition by poly(oxyphenylene), in 0.4 M allylamine,
0.23 M 2-allylphenol, and 0.23 M 2-butoxyethanol in 1:1 (v/v)

water/methanol (Amatore et al., 2008).

In this study, deposition was accomplished by applying potential of +4 V
for 3 minutes versus a graphite rod (Amatore et al., 2008). The insulated
carbon fibre was transected with a scalpel under a microscope, to expose a
disk—shaped electroactive surface prior to antibody adherence. After each
experiment, the protruding carbon fibre can be transected to expose a new
surface for subsequent experiments (Hu et al., 2010); therefore, a

microelectrode can be used repeatedly.
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Figure 2.21. Schematic diagram and photo of carbon fibre microelectrode.

2.12.2. Synthesis of Fc—CHO-labelled CK-MB

A rabbit polyclonal 1gG specific for CK-MB (40 pl of 200pg/ml; Santa Cruz
Biotechnology, Germany) was added into 200 pl of PBS. Then, 40 mg of Fc—
CHO (Sigma—Aldrich, UK) was dissolved in 200 ul dimethylformamide (DMF;
Sigma—Aldrich, UK), to make a final Fc—CHO concentration of 200 mg/ml.
These two mixtures were mixed and the pH was adjusted to 9.3 using 5 %
(w/v) KoCOj3 (Okochi et al., 2005; Figure 2.22). After 30 minutes incubation, 2
mg of NaBH; was added into the mixture to cause reduction to
ferrocenemethyl protein and this was incubated for another 10 minutes. The

reaction mixture was adjusted to pH 7.3 using 1 M HCI, followed by
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ultracentrifugation (12000 g, 10 minutes, 4 °C) to remove unlabelled
ferrocene. The supernatant was subjected to ultracentrifugation (12,000 g, 20
minutes, 4 °C) in a vivaspin (GE Healthcare, Sweden) to obtain the Fc—
CHO-labelled CK—MB antibody.

Adjusted to pH 9.3 by 3% K,CO,

P

@ Fe-CHO
intermediate é

Sodium
borohydride

-+ -

NH-H,(:@

Fe

&~

Figure 2.22. Labeling of IgG with Fc—CHO. (Okochi et al., 2005)

2.12.3. Immobilization of Fc—CHO-labelled CK-MB onto microelectrode

surface

Activation of the carboxyl end of Fc—CHO-labelled CK—MB was achieved
by mixing the labelled anti-CK-MB antibody with 2 mM
ethyl(dimethylaminopropyl) carbodiimide (EDC; Sigma-Aldrich, UK) and 5
mM  N-hydroxysulphosuccinimide (sulpho—NHS; Sigma-Aldrich, UK)
activation buffer (1:1, v/v) for 15 minutes. EDC and sulpho—-NHS were used
as coupling agents to immobilize the antibody onto the microelectrode
surface. The microelectrode tip was incubated in 10 ul of activated antibody

solution for 18 hours at 4 °C prior to experimentation.
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2.12.4. CK-MB electrochemical measurement

The tip of the microelectrode was washed following antibody
immobilization with 0.1 % Tween 20 in 10 mM PBS and dipped in blocking
buffer [1 % bovine serum albumin (BSA) in 10 mM PBS, pH 7] for 30 minutes
at room temperature. The microelectrode was again washed with Tween 20
and PBS, and tested in PBS for CycV (from —0.2 V to 0.6 V) and square
wave voltammetry (SWV; from —-0.4 V to 0.6 or 0.8 V) scans using a
potentiostat (Palm Instruments, Netherland). Then, it was incubated in
solutions containing purified human CK-MB protein (Abcam, UK) or test
sample for 10 minutes (for each concentration) at room temperature, before
another CycV and SWV scans were carried out. Platinum wire was used as
the counter electrode with Ag/AgCI as the reference electrode (Bioanalytical
Systems, UK). After each scanning, 0.5 pg/ml CK-MB was added to the test

sample, and subsequent washing and scanning were repeated.

2.12.5. Microelectrode surface area determination

Surface area of the microelectrode was worked out using Randles—Sevcik

equation (Zanello, 2003, stated below) after electropolymerization.

_ 5 32 12 12 _
ip=(269x10)n AD Cv Equation 5

where i, is the peak current, 2.69 x 10” is a collection of constants at 25 °C, n
is the number of electrons appearing in the half-reaction for the redox couple,
A is the electrode area (cm?), D is the analyte’s diffusion coefficient
(cm?%second), C is the analyte concentration (mol/cm®), and v is the rate of

potential swept (V/second).

Unmodified carbon fibre microelectrode was incubated in 5 mM
K4Fe(CN)g in 0.1 M KCI and CycV scan was carried out from -0.6 Vto 1.2 V.
The known functions in Equation 5 are: n =1, D = 7.6 x 10° cm?/second, C =
5 pmol/cm® and v = 0.1 V/second. From the cyclic voltammogram, peak
current (ip) can be obtained (as shown in Figure 2.23), and the

microelectrode surface area can therefore be worked out.
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Figure 2.23. An example of cyclic voltammogram showing peak current (ip)

determination.

2.12.6. CK-MB measurement using electrophoretic kit

CK-MB was measured electrophoretically by using a SAS-MX CK VIS—
10 Isoenzyme kit (Helena Biosciences, UK), according to the principle
illustrated in Figure 2.24. First, the CK isoenzyme activator (1 pul B—ME) was
added to 100 ul sample and the mixture was incubated at room temperature
for 10 minutes. An agarose gel was blotted on paper towel and a sample
application template was aligned at the edge of the gel. A blotter (A) was
placed on top of the template and ensured a good contact between the gel
and the template. Sample (1 ul) was loaded to each slit. The samples were
absorbed for 4 minutes before blotting the template with the blotter (A) again.
SAS-MX CK isoenzyme buffer (45 ml) was loaded into each inner section of
the electrophoretic tank. The agarose gel was positioned in the
electrophoretic tank, with the agarose side down and in contact with the

buffer. The electrophoresis unit was run for 20 minutes at 100 V.

A blotter (D) was moistened with water in an incubation chamber at 45 °C
and approximately 3 — 4 minutes prior to incubation, CK isoenzyme reagent
was reconstituted in a vial by adding 1 ml of CK diluents and 70 pl of

chromogen. The diluent consisted of 2-morpholinoethanesulfonic acid,
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sucrose and sodium azide, whereas chromogen contained tetranitro blue
tetrazolium and DMF. The gel (with the agarose side upward) was placed on
a glass plate following electrophoresis, and CK isoenzyme reagent was
poured along the anode side of the gel. The reagent was then spread to the
cathode edge by using a serological pipette. After 15 seconds, the pipette
was moved towards the anode edge for another 15 seconds. Then, the gel
was incubated for 30 minutes at 45 °C. Subsequently, the gel was immersed
in the 10 % acetic acid for 10 minutes, and rinsed with water. Finally the gel

was left to dry completely and the bands quantified by densitometry.

CK
PCr + ADP = Creatine + ATP

HK
ATP + Glucose = G6P + ADP

G6PD
G6P + NAD* = 6-phosphogluconate + NADH + H*

PMS
NADH + NBT = NAD + Formazan dye (insoluble)

Figure 2.24. Principle for CK electrophoretic assay.

ADP, adenosine diphosphate; ATP, adenosine triphosphate; CK, creatine
kinase; G6P, glucose—6—phosphate; HK, hexokinase; NAD", oxidised form of
nicotinamide adenine dinucleotide; NADH, reduced form of nicotinamide
adenine dinucleotide; NBT, nitro blue tetrazolium; PCr, phosphocreatine;
PMS, phenazine methosulfate.
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Chapter 3

Generation 1

Perfusion System
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To study the pathophysiology of heart disease, conventional approaches
such as in vitro cell and tissue culture have been principally used. The
traditional Langendorff perfusion set—up has also been widely used to study
whole heart physiology and biochemistry (Zimmer, 1998, Sutherland and
Hearse, 2000, Akki et al., 2008). However, these methodologies all have the
limitations in mimicking aspects of the in vivo microenvironment or functional
properties (Zhang, 2004). Microfluidics, a rapidly developing technology, is
proposed to provide a better representation of in vivo situation (Yeon and
Park, 2007). Perfusion media can be replaced continuously using pumps, the
cells or tissue biopsies are supplied with nutrients and gases, whilst waste
products are removed, resembling the physiological circulatory system (Hung
et al., 2005, Yeon and Park, 2007). Heart tissue represents a highly complex
structure, and is a better reflection of the heart compared with isolated
cardiomyocytes. Therefore, maintaining cardiac tissue under in vivo—like
conditions hopefully provides a more holistic representation of complex cell:
cell and cell: stroma interactions, allowing the effect of interventions to be

investigated.

In this chapter, a microfluidic perfusion device for heart tissue
maintenance (as described in Section 2.2) was developed and optimised for
key parameters, including tissue sample size, electrical stimulation and flow
rate. Tissue was maintained in the PDMS microfluidic chamber at 37 °C and
constantly supplied with oxygen throughout the experiment. In addition, the
tissue was stimulated electrically using platinum electrodes, resembling the in
vivo stimulation of sino—atrial and atrio—ventricular nodes. Samples of rat
heart were used initially in the optimisation studies, and subsequently human
atrial samples were investigated. Effluent levels of LDH were used as a
marker of tissue damage during the perfusion period. In addition, Calcein AM
and Pl were used to label live and dead cells, respectively (Sasaki et al.,
1987, Haugland et al., 1994).

ROS play an essential role during tissue injury or disease, and can lead to
multiple detrimental consequences (Lesnefsky et al., 2001, Droge, 2002).
ROS have been reported to lead to oxidation of DNA (Dizdaroglu et al., 2002),
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membrane phospholipids (Marnett, 1999), as well as proteins (Stadtman,
2004), resulting in impaired mitochondrial function which is important in
energy provision for the heart (Dhalla et al., 2000). ROS can be measured by
various means, including chemiluminescence, colourimetry, fluorometry, and
electron spin resonance spectroscopy (Taha, 2003). Electrochemical
methods however, provide a direct analytical means to determine the local
concentration of ROS in solution, with minimal disturbance to the sample
under investigation (McNeil and Manning, 2002). Electrochemical probes
allow the conversion of the biological information to a measurable electrical
signal, with the distinct advantages of sensitivity (pg/ml to pg/ml) and speed
for real-time assessment, in situ. For example, the detection limit for DNA is
0.10 pg/ml (Maruyama et al., 2002), whereas for H,O,, it is 0.34 pg/ml
(Scholz et al., 2007).

It would be of particular use if real-time measurement of ROS could be
obtained to provide dynamic information of tissue responsiveness to injury
and treatment (McNeil and Manning, 2002). Here, electrochemical probes
were integrated with the perfusion chamber to measure the release of total
ROS. Real-time electrochemical analysis was carried out on—chip during the
perfusion whereas effluent samples were collected for H,O, analysis which
was performed off—chip. H,O, level was assayed because it could be used to

validate the electrochemical measurement of total ROS.

The main aim of this part of the study was to establish an optimised
microfluidic perfusion device for maintenance of heart tissue, together with
real-time measurement of total ROS release using an integrated

electrochemical module.
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3.1. Optimisation of the size of tissue sample

Reynolds numbers (Re) in microfluidic devices are typically less than
2300, indicating that the flow is predominately laminar with little mixing
between two streams of fluids (Figure 1.16). Therefore, mixing in the small
scale of the microfluidic channels, normally in the order of 100 um, relies on
diffusion. Hence, the dimensions of the heart tissue have to be optimised so
that the tissue was supplied with sufficient oxygen and nutrients. Rat right
ventricular tissue was perfused and electrically stimulated within the PDMS
microfluidic chamber (Figure 2.2) as described in Section 2.3. Following
perfusion, the viability of the tissue was assessed by Calcein AM and PI
fluorescent dyes under a laser—scanning inverted confocal microscope
(Section 2.7).

Initially, the right ventricular tissue harvested from rat was approximately 6
x 4 x 2 mm?® (length x width x depth) in volume. Confocal images in Figure 3.2
were taken after a 2 % (w/v) Triton X100 insult following 5 hours perfusion. PI
staining was not observed at the edge of the tissue. Optical sectioning of the
tissue was then performed using Z-stack and it was found that the centre of
the cardiac tissue was mainly stained with PI, while the outer region was
stained with Calcein AM (Figure 3.1.A), indicating that the oxygen and
nutrient permeation was low. However, when the size of the heart tissue was
reduced to approximately 2.5 x 4 x 2 mm?, the tissue was uniformly stained
with Calcein AM and PI (Figure 3.1.B).

Thus, the size of heart tissue was kept at approximately 2.5 x 4 x 2 mm?in

the following experiments, facilitating permeation issue.
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(A)

(B)

T mm

Figure 3.1. Calcein AM (green) and PI (red) treated cardiac tissue. Yellow
signal represents cells stained with both dyes. A and B are representative
images of two independent experiments. A 10x objective was used. These

images were 400 — 500 um from the bottom surface of the tissue samples.
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3.2. Design of PDMS microfluidic chamber

The PDMS microfluidic device was designed to house the heart sample
within the tissue chamber. PDMS with the repeating units of —OSi(CH3)o— is
normally very hydrophobic due to the presence of CHz groups on the surface
(McDonald et al., 2000, Hu et al., 2004). Previous studies have demonstrated
that when petri dish material, polystyrene was exposed to plasma, aromatic
and alkyl groups were oxidised to carbonyl groups (Zhang et al., 2000),
improving the hydrophilicity. The PDMS was therefore bonded to the

polystyrene base by oxygen plasma treatment (Section 2.2).

Initially, microfluidic chambers for different sizes of the tissue (Figure 3.2)
were developed. The tissue chamber as shown in Figure 3.2.A was made by
using a 5 ml syringe end as the chamber mould, whereas for Figure 3.2.B, a
1 ml syringe end was used. The diameters of the tissue chambers were 14
mm and 7 mm, respectively. Apertures were made in the device shown in
Figure 3.2.B to accomodate inlet and outlet tubings, as well as working,
reference and counter electrodes for simultaneous electrochemical analysis

during the perfusion.

Since the preliminary chamber with a diameter of 14 mm was too big for
the tissue, the smaller microfluidic device with a tissue chamber of 7 mm in
diameter was used. In addition, a potential leakage problem was observed
between the PDMS and petri dish (Figure 3.2.A) after being used for 3 — 4
times, as hydrophobicity of the oxygen plasma—treated polystyrene surface
gradually decreased with time (Occhiello et al., 1992). To overcome this
problem, a second layer of PDMS (1 — 2 mm thick) was coated on the base
of the petri dish, before binding of the PDMS removed from the chamber
mould (Figure 3.2.B). Bridging covalent siloxane bonds (Si—O-Si) were
formed, producing an irreversible seal between the two PDMS substrates
(Figure 3.3). Hence, the Generation 1 microfluidic device used throughout
this thesis was prepared by binding the PDMS with the chamber mould onto
the petri dish coated with PDMS.
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Figure 3.2. Top views of Generation 1 devices with different chamber sizes.

The diameters of tissue chambers are 14 mm (A), and 7 mm (B).

1, Working electrode (Pt); 2, Counter electrode (Pt); 3, Reference electrode

(AgCl coated Ag wire)
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Figure 3.3. Bridging covalent siloxane bond between two PDMS substrates.
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3.3. Optimisation of on—chip electrical stimulation, [Ca*] and

flow rate

The tissue was stimulated electrically to mimic the in vivo situation.
Electrical stimulation (generated via two platinum wired electrodes using a
function generator) was initiated at 0.8 V/cm, and incrementally raised until
all or part of the tissue commenced beating synchronously as observed
visually. Beating was observed at 1 V/cm and above. However, bubbles
formed at the electrodes due to electrolysis of water when the electrical field
was = 12 V/cm. An electrical field of 3 — 4 V/cm was selected for continued
stimulation in this thesis, which is close to that given to isolated
cardiomyocytes and whole heart (5 — 6 V/cm; Field et al., 2004, Klauke et al.,
2003, Radisic et al., 2004, Klauke et al., 2007). The frequency was kept at

1.5 Hz (90 beats/minute) in order to generate a physiological heart rate.

The normal range of serum Ca®" in human is 1.03 — 1.23 mM (Larsson
and Ohman, 1978). However, increased Ca®* has been demonstrated to
activate the contractile machinery (Katz, 2001). Therefore two concentrations
(2.25 mM and 2.5 mM) of CacCl, were tested. The contractile function of the
tissue in the perfusion chamber was more pronounced visually, and generally
lasted longer when the higher [CaCl;] was used. Therefore, 2.5 mM CaCl,in
KHBB was used as standard for all subsequent perfusion experiments, as

previously recommended by Riva and Hearse (1991).

An optimal flow rate is the one resulting in adequate nutrient supply and
waste products removal, and minimal physical disturbance of the tissue.
From a practical point of view, flow rates less than 100 pl/minute led to longer
effluent collection time for sufficiently sized aliquots for subsequent
biochemical analyses. Conversely, flow rates = 200 pl/minute have been
shown to disturb the heart tissue and stimulation probes within the perfusion
chamber. A standardized flow rate at 120 pl/minute was chosen for all

subsequent experiments.
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3.4. Perfusion data

Using cardiac tissue from rats (Section 2.3), effluent samples were
collected and LDH analysis was carried out off—chip (Section 2.6). Electrical
stimulation was applied throughout the perfusion as previously described.
Cell viability was indicated by the cell membrane integrity, assessed by the
release of the intracellular enzyme LDH (Racher et al., 1990). After an
extended period of perfusion during which time viability was assessed, the
tissue sample was exposed to an insult of 2 % (w/v) Triton X100 for at least
30 minutes to induce substantial rupture of the membrane and release of
LDH.

3.4.1. Control — impact of repeated exposure to Triton X100

Heart tissue was exposed to two, 6 minute, incubations with 2 % (w/v)
Triton X100 in KHBB throughout the KHBB perfusion and LDH release was
assessed in the effluent samples. From the 270" minute onwards, the heart

tissue was perfused continuously with 2 % (w/v) Triton X100 in KHBB.

A LDH ‘spike’ appeared following the short pulses of Triton X100
incubation and during the prolonged exposure with Triton X100, with the first
pulse eliciting greater LDH release than the second one (Figure 3.4). LDH
appears to act as a good damage indicator, as enzyme activities increased in

response to Triton X100 exposure.
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Figure 3.4. A representative study of LDH release from heart tissue following
two, 6 minute, incubations with Triton—KHBB, each followed by a 84 minute,
oxygenated KHBB perfusion. Tissue sample was finally exposed to

continuous Triton—KHBB perfusion (270 — 300 minute). N = 2

3.4.2. Experimental rat model

Cardiac tissues were perfused in the Generation 1 microfluidic system for
5 hours in KHBB, followed by 1 hour of 2 % (w/v) Triton X100 in KHBB and

LDH release determined.

Figure 3.5 shows the representative examples of LDH release profile of
two separate samples throughout the perfusion. Generally, the trend for the
LDH release was similar. The LDH activities were high (~ 320 — 810 U/ml/g)
initially, but were maintained at low levels (= 100 U/ml/g) after the first hour of
perfusion until the cardiac tissue was challenged with 2 % (w/v) Triton X100
at 300™ minute. The highest LDH concentrations after the Triton X100 insult
were 971.11 U/ml/g and 398.23 U/ml/g (red and blue lines, respectively). The
LDH release from the remaining 5 tissues, which were treated in the same
way, also demonstrated similar raised enzyme activities at the end of the

perfusion.
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The tissues perfused in these two experiments were of similar sizes
(dimension: ~ 2 x 3 x 3 mm?; weight: ~ 0.01 — 0.02 g). All samples (N = 7)
perfused in this way resulted in the same trend of LDH release. In some
instances, the contraction continued until exposed to 2 % (w/v) Triton X100,
others ceased beating at an earlier stage of the perfusion. Videos 6 and 7 are
two individual examples of tissue contraction recorded during KHBB
perfusion (Supplementary DVD). However, the LDH activities remained low,
suggesting that despite the loss of ability to contract, the tissue did not lose

membrane integrity (Kui et al., 2009).
3.4.3. Human model

Human right atrial tissue biopsies were obtained anonymously at the time
of CABG surgery, from tissue removed as part of the surgical intervention,
supplied by Mr Steve Griffin, a Consultant Cardiothoracic Surgeon. Biopsies
were handled as described in Section 2.1.2. These biopsies from patients
were investigated and three perfusion durations performed, i.e. 2, 3.5 and 5
hours. Contraction of biopsies within the chamber was recorded using a

microscopic camera (Videos 8 and 9; Supplementary DVD).
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Figure 3.5. LDH release from rat heart tissues perfused for 5 hours with
KHBB (black bar), followed by 1 hour with 2 % (w/v) Triton X100 in KHBB
(red bar). Blue and red lines are two representative experiments using heart

tissues from different rats. N = 7 heart tissues
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3.4.3.i. Perfusion protocol: 2 hours KHBB + 30 minutes 2 % (w/v) Triton X100
in KHBB

Cardiac tissue biopsies were perfused for 2 hours in the Generation 1
microfluidic device. Initially, the highest LDH activities in the first 20 minutes
were 26.2 U/ml/g and 8.63 U/ml/g and maintained at 3 — 5 U/ml/g until 120"
minute (Figure 3.6 blue and red lines, respectively). Insult with 2 % (w/v)
Triton X100 after 120™ minute increased the LDH activities to 14.17 U/ml/g
and 9.11 U/ml/g at 145" and 140™ minute, respectively.

In the experiment represented by the blue line (Figure 3.6), the biopsy
continued to contract until 8 minutes after Triton X100 insult. The heart tissue
biopsy in another experiment did not beat throughout the experiment;
however, Triton X100 exposure elicited a rise in LDH levels, again supporting
the observations on rat tissue, whereby lack of contraction did not correlate

with LDH release.

30

25

LDH activity (U/ml/g)
& S
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o

Figure 3.6. LDH release from human heart tissues perfused for 2 hours with
KHBB (black bar), followed by 30 minutes with 2 % (w/v) Triton X100 in
KHBB (red bar). Blue and red lines are two individual experiments using
heart tissues from different patients.
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3.4.3.ii. Perfusion protocol: 3.5 hours KHBB + 30 minutes 2 % (w/v) Triton
X100 in KHBB

The perfusion period extended to 3.5 hours after the viability of the tissue
biopsies for 2 hours in the perfusion system had been demonstrated (Figure
3.7). The tissue in the experiment represented by the red line gave a low
level of LDH release (< 5 U/ml/g) until Triton X100 exposure, at which point,
LDH activities increased gradually, with a highest LDH of 18.69 U/ml/g at

240" minute.

For the other experiment (blue line), the LDH levels fluctuated during the
first 90 minutes with the highest LDH peak at 21.56 U/ml/g at 25" minute.
LDH activities were low (£ 5 U/ml/g) between 90" — 210" minutes but were
once again raised after the Triton X100 insult (the highest LDH activity being
34.18 U/ml/g at 240™ minute).

Furthermore, contraction was not observed in either of these biopsies,
although electrical stimulation was applied throughout. A total of 17
independent perfusion experiments were carried out, with 88.2 % (15/17)

remaining viable after perfusion for 3.5 hours in the microfluidic chamber.

40

LDH activity (U/ml/g)
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Figure 3.7. LDH release from human heart tissues perfused for 3.5 hours
with KHBB (black bar), followed by 40 minutes with 2 % (w/v) Triton X100 in
KHBB (red bar). Blue and red lines are two representative experiments using

heart tissues from different patients. N = 17 heart tissues

105



3.4.3.iii. Perfusion protocol: 5 hours KHBB + 30 minutes 2 % (w/v) Triton
X100 in KHBB

Two experiments were conducted where human heart tissue was
perfused in the microfluidic device for 5 hours. LDH levels fluctuated over the
first 80 minutes (Figure 3.8), but were then maintained at < 5 U/ml/g until
300™ minute. However, during the Triton X100 insult, the LDH activities were
not changed. It would be possible that the majority of the LDH had been
released over the first 80 minutes of perfusion. In the meantime, contraction

was observed in these samples only over the first 2 hours of perfusion.

LDH activity (U/ml/g)
- N N N
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-
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Figure 3.8. LDH release from human heart tissue perfused for 5 hours with
KHBB (black bar), followed by 30 minutes with 2 % (w/v) Triton X100 in
KHBB (red bar). Blue and red lines are two individual experiments using

heart tissues from different patients.
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3.4.4. Comparisons of electrochemical data, LDH and H)0O;

concentrations in a human model

In order to monitor the in situ ROS release in real-time, electrochemical
probes were integrated with the perfusion chamber. Electrochemical
analytical probes were composed of working electrode (Pt), counter electrode
(Pt) and reference electrode (AgCl coated Ag wire). The working electrode
acted as the transduction element in the biochemical reaction, the counter
electrode passed the current through the electrolytic solution, whereas the
reference electrode served to provide a stable and well-defined potential
(Southampton Electrochemistry Group, 2001). Perfusion experiments as
described in Section 3.4.3.ii were repeated and CycV scans were performed
on—chip (Section 2.9). During the potential sweep, the potentiostat measured
the oxidation and reduction currents, giving a cyclic voltamogram. The
oxidation current (lp) at 0.72 V was chosen because this allows the oxidative
detection of total ROS (work done by Dr Y. Dou; Cheah et al., 2010). Both
LDH and H,O, levels were analysed off-chip in the effluent samples
(Sections 2.6 and 2.8, respectively). Changes in lp were compared with the

LDH and H,0, release during the perfusion.

The lo levels corresponded to the changes in LDH release in Figure 3.9,
especially at 55" and 220™ time points. This indicates that, in addition to the
measurement of LDH release, tissue damage can be examined
electrochemically by the release of total ROS. Furthermore, Figure 3.10
shows the comparison of off—chip LDH and H,O, measurements and in situ
electrochemical measurement of total ROS in real-time, using media
saturated with N, gas to induce ischaemic damage (Webb et al., 2004). The
lo measured was in good agreement with the H,O, assay results in the main.
In addition, both the electrochemical measurement of total ROS and H»0,
results showed the peaks earlier than LDH peaks, when tissue was deprived
of oxygen by N, gassed mediawas introduced from 210" minute onwards.
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Figure 3.9. LDH release (blue), and oxidation current (lo; red) at 0.72 V
during perfusion. Human cardiac tissue was perfused for 3.5 hours with
KHBB (black bar), followed by 30 minutes with 2 % (w/v) Triton X100 in
KHBB (red bar).
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Figure 3.10. LDH release (blue), H,O, release (red), and oxidation current at
0.72 V (green) during perfusion. Human tissue was perfused for 3.5 hours
with KHBB (black bar), followed by 30 minutes with KHBB saturated with 95 %
N2 — 5 % CO; (yellow bar).
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3.5. Discussion

The experiments reported here demonstrate that cardiac tissue from rat
can be maintained in a viable state in the Generation 1 perfusion chamber for
up to 5 hours, whereas for human tissue, it was up to 3.5 hours. Raised
levels of LDH release were used as the marker of damage throughout
perfusion. Electrochemical analytical probes were developed and integrated
with the perfusion device to measure the real-time release of total ROS. The
on—chip data was validated by using an off-chip, conventional, commercial

assay for H,05.

LDH concentrations were initially high in all experiments (N = 28), most
probably due to cellular damage at the surfaces of the tissue when tissues
were harvested. The relatively high initial LDH release in the first hour was
also found in other studies reported by Obatomi et al. (1998), Hattersley et al.
(2008), and van Midwoud et al. (2010) in kidney and liver tissue perfusions.
As perfusion proceeded, this “trauma—associated” LDH was washed out and
levels remained relatively low. When the heart tissue was challenged with 2 %
(w/v) Triton X100 in KHBB, cell membranes were solubilised and hence LDH
release markedly increased. Right ventricular tissues from rats could be
maintained viable for up to 5 hours ex vivo in the microfluidic device (N = 7),
whereas human right atrial tissue could only be maintained reliably for up to
3.5 hours (N = 17).

In this microfluidic perfusion system, although oxygen provision is
continuous, oxygen supply to individual cardiomyocytes within the cardiac
tissue was not sufficient (Figure 3.1.A). This is mainly determined by the
dimension of the tissue sample where the oxygen diffusion distance from the
edge to the core of the tissue is large; hence the centre of the sample will not
receive adequate oxygen. Even though the confocal images shown in Figure
3.1 were heart tissues which have been exposed to 2 % (w/v) Triton X100,
cells on the perimeter were only stained with Calcein AM, suggesting they
were viable. It was thought that the plasma membranes of the cells at the
outer region have been totally ruptured as a result of the insult with Triton

X100, and the DNA contents which were the target of Pl could not be
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retained but have been released into the perfusion medium and the inner
cells were simply taking up the Calcein AM.

In this study, stimulation was generated with electric field strength of 3 — 4
V/cm and a frequency of 1.5 Hz. Some samples contracted continuously
under this regimen while perfused with oxygenated media. For comparison,
Field et al. (1994) conducted a study measuring intracellular Ca** transients
in isolated perfused rat heart stimulated with square monophasic pulses of 5
Hz and 1.5 — 2 V. For individual rat ventricular cardiomyocytes, the frequency
applied was between 0.5 — 1 Hz, with field strength of 5 — 6 V/cm (Klauke et
al.,, 2003, 2007). In addition, Tandon et al. (2011) have recently
demonstrated that engineered cardiac tissues stimulated at 3 V/cm had the
highest tissue density.

The ways of handling and storing the heart tissue before analysis could
affect its viability during the course of perfusion. Rat tissue was placed in the
microfluidic device immediately (< 5 minutes) after excision, while human
samples were kept in ice cold cardioplegic solution and transported from
hospital to the laboratory taking approximately 1 hour. This may explain the
difference in the viability maintenance period between rat and human heart
tissues. Although some of the heart tissue samples (both rat and human)
were not contracting at the start or ceased beating at early stages of the
perfusion, they were considered to be viable but quiescent, in order to
preserve energy (Casey and Arthur, 2000).

The work demonstrated here is different from tissue engineering in a
microfluidic platform, which generates new functional tissues to restore and
improve tissue function. However, direct experimentation on the native
clinical samples under in vivo—like conditions was described in current study.
Hattersley et al. (2008) have demonstrated similar biological microfluidic work,
where liver tissue biopsies could be maintained for over 70 hours in the
microfluidic environment. The liver tissue continued to produce albumin and
urea during the perfusion, demonstrating viability and functionality within the
microfluidic device. Similar work in the group has recently demonstrated, in

colorectal tissue, that significant concentrations of vascular endothelial
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growth factor were produced in response to hypoxia by malignant but not
normal tissue (Webster et al., 2010).

The relationship between ROS and heart injury has been extensively
studied. Several electrochemical sensors integrated with microfluidic devices
have been developed to measure ROS and other cellular products. Amatore
et al. (2007) have conducted ROS and reactive nitrogen species assessment
amperometrically using a microelectrode within a microfluidic device, where
macrophage cells were continually stimulated by microinjection of a Ca®*
ionophore. This group also practised the same analytical approach with other
cell types, for example lymphocytes (Lachgar et al., 1999) and skin cells
(Arbault et al., 1997). The three microelectrodes used in their electrochemical
measurements were similar to this study; the difference was that their their
microelectrodes were patterned onto the glass substrate and orthogonal to
the flow channel (Figure 3.11). A number of electrochemical biosensors have
been established to measure the release of specific reactive species: H,0O;
(Kasai et al., 2009, Yan et al., 2011), superoxide anion (O,*; Chang et al.,
2005, Cortina-Puig et al., 2009, Fujita et al., 2009), NO (Boo et al., 2011,
Quinton et al., 2011) and peroxynitrite (Wang and Chen, 2010, Quinton et al.,
2011). However, these biosensors are different from the probe presented

here in which total ROS release was assessed instead of the specific ones.

Injection tubing ;Outlet tubing

Pl Qleatiede Pt electrode  Ag/AgCl electrode

aaLntar) (working) (reference)

Figure 3.11. Three microelectrodes were patterned onto the glass
microfluidic device for use of oxidative stress analysis. (Amatore et al., 2007)
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In the present study, each electrochemical measurement took 1.5
minutes, whilst it took 2 minutes to collect sufficient effluents for H,O, assay
and another 2 minutes to get a sample for LDH analysis. These assays were
subsequently performed in batches off—chip for comparison with the real—
time electrochemical analysis. Taking these small sampling differences into
account, the LDH release matched the H,0; levels, except between 100" —
160" minutes, where there was a raised level of H,O, with only small
fluctuations in LDH concentrations (Figure 3.10). [H,0,] at 220" minute was
1.18 uM from the off—chip biochemical assay and 3 uM by electrochemical
methods (after calibration with standard H,0O,). This strongly suggests that
H.O, does not constitute all the ROS produced by the heart tissues, which
would be in agreement with Thannickal and Fanburg (2000). The detection of
H.O, release before LDH suggests that oxidative damage occurred prior to
membrane damage, although this could simply be an artefact of the timings

of sampling.

The amount or rate of H,O, release from the heart tissue indicates the
extent of cardiac injury. Two minutes after an IR injury, the rate of H,O,
release has previously been reported to be 50 nmol/g/minute (Slezak et al.,
1995). As the chamber size of the perfusion device used in this study was
400 pl, with a tissue weight of 0.03 g, the H,O, concentration calculated
using a release rate of 50 nmol/g/minute would be ~ 3.75 pM/minute. Other
research has reported that stimulated human neutrophils released H,0, in a
rate of 3 x 10™*® mol/second/cell (Shleev et al., 2008). In a ventricle, it is
assumed that the average volume of a rat or human cardiomyocyte was
approximately 30,000 um?; this can vary considerably with gender and age
(Campbell et al., 1989). Given that the heart tissue dimensions were 2.5 x 4 x
2 mm?, the calculated H,O, release rate might be expected to be 0.30
uM/minute. Factors which are not taken into account include cell types,
stimulation methods, and diffirences in the nature of tissue samples. Even
though the H,O, release rates (3.75 pM/minute and 0.30 pM/minute) were

different, they were of a similar order of magnitude. The low H,O, release

112



rate in this study could be due to the fact that the stress imposed by Triton
X100 exposure is less severe than that of IR.

It has been demonstrated that Triton X100 serves as an appropriate
damage inducing agent, as LDH release was raised following introduction
(Figure 3.4). On the other hand, starving the tissue by using media gassed
with 95 % N,/ 5 % CO, was an alternative way of causing cellular damage,
with the advantage of reduced effect of gas on the background current during
electrochemical CycV measurement. Non-reactive N, gas has much less
background noise—to—signal ratio which is undesirable for CycV
measurement. Nitrogen—induced LDH release peaked 10 minutes earlier
than Triton X100 (the 240™ minute in Figure 3.7 and the 230" minute in
Figure 3.10), but the magnitude of LDH caused by perfusion with N;
saturated media was lower than that of Triton X100. This is most probably
due to the direct cell membrane permeabilisation effect of Triton X100, whilst
N2 limits the oxygen supply to the heart tissue, thereby affecting the cell’s
energy metabolism. It is hypothesized that longer perfusion with buffer
gassed with 95 % N, / 5 % CO, would produce similar level of cell rupture

and LDH release.

In conclusion, the microfluidic system presented here allows the perfusion
of clinical samples in vitro, whilst retaining in vivo microenvironment. Cardiac
tissue was maintained viable in the microfluidic chamber for up to 5 hours,
whereas it was up to 3.5 hours for human heart biopsies. With the
integration of electrochemical probes, sensitive, rapid and real-time

measurement of tissue products was achieved.
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Chapter 4
Ischaemia Reperfusion

N

Generation 1 Device
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Cardiac surgery often involves an obligatory period of myocardial IR. IR
injury has been recognised as a major contributor to heart complications,
such as myocardial stunning and arrhythmia. The underlying mechanisms of
IR have been extensively investigated (Chi and Karliner, 2004, Baines, 2009).
The damage encountered from the disruption of blood flow to the heart
during infarction can be salvaged by rapid restoration of coronary blood flow,
known as reperfusion (Grech et al., 1995). However, depending on the
duration and severity of the ischaemic insult, reperfusion itself can lead to
deleterious effects, such as the generation of ROS and loss of functioning
cardiomyocytes by apoptosis (Masztalerz et al., 2006, Buja and Weerasinghe,
2010).

Few myocardial IR studies have been performed using a microfluidic
plattorm. Khanal et al. (2011) and Solis-Wever (2011) have studied IR-—
induced apoptosis in primary porcine cardiomyocytes using a microfluidic
device. The earliest phase of apoptosis and mitochondrial depolarization
were followed by successfully examining the mitochondrial membrane
potential with MitoTracker Red under fluorescent microscopy. However, there
have been no studies that adapt the microfluidic technology to probe IR on

cardiac tissue biopsies.

In this study, a microfluidic method has been used to simulate episodes of
IR on cardiac tissue, providing a better platform to mimic the in vivo—like
microenvironment for cells and tissues (Bhadriraju and Chen, 2002). Varying
durations of ischaemia have been previously studied using a range of
different models and techniques (Mehta et al., 2000, Hamilton et al., 2003,
Starnes et al., 2005, Kambe et al., 2009, Bell et al., 2011). The transition
from reversible to irreversible injury occurs after approximately 20 minutes of
normothermic global ischaemia in the isolated perfused rat heart (Palmer et
al., 2004). Here, the ischaemic periods of 20 (Ooie et al., 2001, Yamanaka et
al.,, 2003, Shinohara et al.,, 2007) and 40 minutes (Nie et al., 2007,
Shackebaei et al., 2010a and b) were investigated (Figure 2.19), induced
either via no flow (Wambolt et al., 2000, Zhu et al., 2004, Bentzen et al., 2010;
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Sections 2.11.1) or anoxia (Matherne et al.,, 1997, Eguchi et al., 2003,
Horman et al., 2003, Webb et al., 2004; Section 2.11.2).

Acute stresses, such as IR, hyperthermia and oxidative stress, can rapidly
potentiate the induction of a series of genes (Das et al., 1995), including NOS
genes and members of HSP family. Altered expression of stress genes
(eNOS, INOS, HSP 72, HSP 73) have been reported following stress or
damage encountered by the heart tissue during IR, using a variety of different
models (Grilli et al., 2003, Di Napoli et al., 2007). The aim of the present
study was to investigate the expression levels of these stress genes in heart
tissue undergoing IR in the novel microfluidic system. The changes in mMRNA

were assessed off—chip using a conventional semi—quantitative PCR method.
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4.1. Primer design

Primer pairs were designed to span or flank an intron, to prevent co—

amplification of genomic DNA (gDNA; Figures 4.1 and 4.2).

Sequences of the forward and reverse primers used in this study are
given in Table 2.3. eNOS, INOS, HSP 72 and B-actin primers were taken
from published work, whilst neuronal NOS (nNOS), HSP 73 and GAPDH
primers were designed using the primer designing tool from NCBI
(http://www.ncbi.nIm.nih.gov/tools/primer-blast/). All primers were subjected
to a sequence check for their locations within the genome, to see if they were
intron—flanking (Figure 4.3). Only HSP 72 did not flank an intron, as the gene
is intronless (Silver and Noble, 2011). To prevent gDNA amplification in all

samples during RNA extraction, the extract was treated with DNase |I.

Forward
f Reverse
Af—
Exon 1 — Exon2 Exon 3 gDNA
No amplification
Forward Reverse
‘ cDNA
Exon 1 Exon 2 Exon 3
Amplification

Figure 4.1. Intron—spanning primers work in cDNA but not gDNA (Modified
from Wei et al., 2005)
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Forward Reverse
— —

Exon 1 — Exon 2 — Exon 3 gDNA

l

Large amplicon*

Forward Reverse
—- A— CDNA
Exon 1 Exon 2 Exon 3

l

Small amplicon*

Figure 4.2. Intron—flanking primers distinguish gDNA from cDNA (Modified
from Wei et al., 2005)

4.2. Optimisation of PCR conditions

The cDNA from control tissue was used to optimize the PCR conditions
for each of the genes. Control tissue was the sample taken at the time of

sacrifice.
4.2.1. Amount of cDNA

Following cDNA quantification (Section 2.11.6), differing cDNA amounts
(62.5, 125, 250, 500, 1000 ng) were added into each PCR reaction mixture

(as listed below). INOS was then amplified as described in Table 2.4.

PCR reaction mixture:

cDNA (62.5, 125, 250, 500, 1000 ng)
e 12.5 ul of PCR mastermix

e 2 pl of INOS forward primers (10 mM)
e 2 ul of INOS reverse primers (10 mM)

e Make up to 25 ul with sterile nuclease—free water
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eNO3

7164 bp fragmertt

iINOS

305 bp fragmert

nNOS

3712bp fragment

HSP 72

487 bp fragrment

HSP 73

254 bp fragrment

B-actin

452 bp fragment

GAPDH

557 bp fragmertt

16020 16105 162735

15969 16041 16213 16295
23680 23818 25723 25783
23636 23699 25703 25745
10226 10337 25001 26844 26938
10208 10245 24869 26792 26863
880 1354 2475
2 896 1370
2981 3573 3612
2962 3193 3593 3832
1102 1143 1473 2185 2377
1012 1121 1227 1933 2205
1443 1558 1618 2056
1403 1464 1609 1639

Figure 4.3. Primer location for 7 genes. eNOS, iNOS, nNOS, HSP 73, p—actin and GAPDH each had their forward and reverse

primers flanking intron(s). On the contrary, the HSP72 does not contain introns.

(Number: base position from NH; terminal, Blue bars: exon, Red bars: primer positions in exon, White bars: intron)
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INOS was detectable irrespective of the amount of cDNA used, however,
the intensity of the INOS bands was greater with increasing amounts of
cDNA when viewed visually. The bands were of similar intensity when 500 or
1000 ng cDNA were used (Figure 4.4), hence, a cDNA quantity of 500
ng/PCR mixture was used as the standard amount for the PCR amplifications.

cDNA (ng) 1000 |500 | 250 125 62.5 £

400 bp
300 bp

200 bp

100 bp

Figure 4.4. Representative 2 % (w/v) gel image showing the INOS

expression with different amount of cDNA. N = 2

* 100 bp DNA ladder

4.2.2. Optimisation of primers

4.2.2.i. eNOS, INOS, HSP 72 and HSP 73 primers

Three different volumes (0.5 ul, 1 yl and 2 pl) of the eNOS primers (10
mM) were used in PCR amplification (Figure 4.5.a). eNOS primers of 1 pl
were sufficient to give a clear band and hence were used as the optimum

volume.
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In Figure 4.5.b, INOS bands were most intense using 2 pl of INOS primers
and thus these were used as the optimum volume. HSP 73 and HSP 72
bands were detectable when any volume of the primers was used (Figures

4.5.c and d). A volume of 1 pl was selected to be the optimum volume for

both.
(a) (C)
HSP72(ul) 05 05 1.0 |lL.0 20 20 10
eNOS(u) 05 05 [L0 |10 20 20
cDNA + + . 3k - RNA
cDNA + *
* * 600 bp
300 bp 500bp -
400 bp
200 bp
300bp
100bp 00 bp
rE—
(b) (d)
iNOS(u) 0S5 05 10 1of 20 |20 HSP73(ul) 05 05]1.0] 1.0 20 20
cDNA + -+ -]+ ¢cDNA + R + N + .
* * + *
300bp
200 bp
100 bp

Figure 4.5. Representative gel images comparing the band intensity of (a)
eNOS, (b) INOS, (c) HSP 72 and (d) HSP 73 of different volumes in each
PCR mixture. N =2

* 100 bp DNA ladder

4.2.2.ii. B—actin and GAPDH primers
B—actin and GAPDH were detectable with all primer volumes used (Figure

4.6). Thus, 1 pl B—actin primers and 0.5 pl GAPDH primers were chosen to

be the optimum volumes.
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B-actin (ul)
cDNA

600 bp
500 bp

400 bp

GAPDH (ul) | 0.5 | 0.5 1.0 1.0 2.0 2.0

cDNA = - o - +
* %*

500 bp
400 bp
300 bp
200 bp

100 bp

Figure 4.6. Representative gel images comparing the band intensity of B—

actin and GAPDH of different volumes in each PCR mixture. N =2

* 100 bp DNA ladder

4.2.3. Annealing temperature

Table 4.1 summarizes the annealing temperatures provided by the primer
provider (Eurofins), NCBI Primer Blast search and the papers where the
primers were referenced. A range of annealing temperatures was tested for

each set of primer pairs.

Three annealing temperatures (60 °C, 55 °C, and 52 °C) were tested for
eNOS, INOS and GAPDH with the greatest intensities being observed at 60
°C (Figure 4.7), which was selected as the optimum temperature for these
genes. For HSP 72, 50 °C gave the optimal expression (Figure 4.8). Since
HSP 72 is intronless, reactions with equal amounts of “no-reverse—
transcribed (no—RT) RNA” were included as control for amplification of
contaminating gDNA (Akgetin et al., 1999). The two lanes of no—RT RNA in

Figure 4.8 were empty, showing that there was no genomic contamination.
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The HSP 73 and B—actin amplified at 60 °C showed obvious and clear
bands; therefore, no other temperature was tested. By considering the
annealing temperatures given by Eurofins and NCBI, nNOS was amplified at
three annealing temperatures: 65 °C (data not shown), 63.5 °C (data not
shown) and 60 °C (Figure 4.8), neither of the higher temperatures showed
visible bands. The investigation of nNOS gene was discontinued because of
the failure to detect its expression from the samples. It may be due to the
primers not working effectively with the cDNA and thus alternative primer pair
sequences could be made and tested in the future. Another reason being the
presence of nNOS in the heart tissue might be very low or under detectable

level

Table 4.1. Annealing temperatures of genes.

m Eurofins A, (°C) | NCBI A (°C) Reference paper
Atem (OC)
60

eNOS 60.3 5257
59.8 52.65 (Di Napoli et al., 2002)
iNOS 57.3 52.71 50
57.3 51.66 (Grilli et al., 2003)
nNOS 63.5 60.04
63.5 50.98 '
HSP 72 50.4 45.35 Not mentioned
55.2 49.06 (Nikaido et al., 2004)
HSP 73 62.1 57.02
60.3 56.17 '
B-actin 65.5 58.56
61.8 55.63 )
GAPDH 59.4 54.46 60
59.4 55.08

(Di Napoli et al., 2002)

Awemp, annealing temperature
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600bp 600bp
Obp 500bp 50069
i 4000 400bp
400bp
300bp =
30000 B e
200bp b
2000p 200bp
100bp 100bp 00bp
L4
35 cycles 35 cycles 35 cydies
95°C-60°C-72"C 95'C-55°C-72°C 95'C-52°C-72°C

Figure 4.7. Representative gel comparing the intensity of eNOS, iNOS and GAPDH bands with annealing temperatures of (a) 60 °C,
(b) 55 °C, and (c) 52 °C. N =2

-ve ctrl, negative control without primer
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Figure 4.8. Representative gel comparing the intensity of HSP 73, HSP 72,
nNOS and B-actin bands. Annealing temperatures of 60 °C and 50 °C were
tested for HSP 72. N =2

-ve ctrl, negative control without primer
4.3. House-keeping gene

House—keeping genes such as GAPDH and B—actin are widely used as
internal standards for quantitative RNA analysis (Di Napoli et al.,, 2001,
Maekawa et al., 2002). The expression of these two house—keeping genes
during oxygen—deprived IR (20 minutes ischaemic period) was examined as
described previously (Sections 2.11.3 — 2.11.8). The intensities of p—actin
and GAPDH under different perfusion conditions (Figure 2.19) were
guantified by Image J (Section 2.11.9). The density values were normalised

to the baseline value (sample taken at the time of sacrifice).

Band intensities for GAPDH under different perfusion conditions had
greater variation when compared with B—actin (Figure 4.9), with standard
deviations of 0.08 and 0.14, respectively (Table 4.2), even though the same
amount of cDNA (500 ng/PCR mixture) was used. As a result, B—actin was

chosen to be the house—keeping gene throughout this study.
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Figure 4.9. Two representative gel images comparing the intensities of (a)
B—actin and (b) GAPDH expression following baseline, post—equilibration,
post—ischaemia, and post-reperfusion. N = 2

* 100 bp DNA ladder; -ve ctrl, negative control without primer

Table 4.2. Band intensity quantification of f—actin and GAPDH at different

perfusion conditions normalised to baseline value.

Baseline 1 1
Post-equilibration 0.84 0.96
Post-ischaemia 0.92 0.78
Post-reperfusion 0.82 0.71
Standard deviation 0.08 0.14
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4.4. PCR

Four tissue samples from the same heart were perfused for different times
namely baseline, post—equilibration, post—ischaemia, and post—reperfusion
(Figure 2.19). As a control, four separate heart samples were perfused for
the same length of time, without any changes in flow or buffer composition.
The relevant genes were amplified, quantified and analysed relative to their
respective 3—actin expression.

4.4.1. Oxygen—deprived IR

4.4.1.i. 20 minutes ischaemia/30 minutes reperfusion

The expression profiles of genes relative to f—actin for oxygen—deprived
ischaemia (20 minutes no flow) versus control are demonstrated in Figure
4.10. The statistical analyses are tabulated in Table 4.3. A repeated measure
ANOVA design was used because the same parameter was measured under
different conditions on tissue samples from the same heart. Sphericity is the
assumption of ANOVA where the variances of the differences between all
groups are equal (Mauchly, 1940). The assumption of sphericity for all genes
was satisfied, i.e. Mauchly’s significance, p > 0.05 (Table 4.3). There was no
significant effect of any perfusion conditions on any of the stress genes
expression levels (i.e. p > 0.05); however in the case of eNOS the p value is

0.077, so there was a tendancy towards a significant change.
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Figure 4.10. Expression profiles of eNOS, iNOS, HSP 72 and HSP 73

relative to B—actin. Data are expressed as mean * standard deviation. N = 4

IR, ischaemia reperfusion

Table 4.3. Statistical analyses for eNOS, iINOS, HSP 72 and HSP 73.

Mauchly’s significance, p Sphericity assumed significance, p
eNOS 0.632 0.077
iNOS 0.238 0.858
HSP 72 0.252 0347
HSP 73 0.497 0.509

Red text represents p value that is close to 0.05
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4.4.1.ii. 40 minutes ischaemia/30 minutes reperfusion

The expression profiles of the relevant genes following 40 minutes
ischaemia (oxygen—deprived, no flow) versus control are showed in Figure
4.11. Data are presented as the expression of gene relative to f—actin. Table
4.4 lists the statistical analyses as shown previously. The expressions of
eNOS and INOS met the sphericity assumption, (i.e. Mauchly’s significance,
p > 0.05). Nevertheless, the assumption of sphericity for HSP 72 and HSP 73
was disregarded (Mauchly’s significance, p < 0.05), so the Greenhouse—
Geisser correction was applied to produce a more accurate significance
value. The level of INOS mRNA expression (p = 0.012) was significantly

increased, whereas increased eNOS expression tends to be significant.
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Figure 4.11. Expression profiles for eNOS, iINOS, HSP 72 and HSP 73
relative to B—actin. Data are expressed as mean + standard deviation. N = 4

IR, ischaemia reperfusion
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Table 4.4. Statistical analyses for eNOS, INOS, HSP 72 and HSP 73.

Sphericity assumed Greenhouse-Geisser

Mauchly’s significance, p

significance, p significance, p

eNOS 0.862 0.081 -

iNOS 0.262 0.012 -
HSP 72 0.008 - 0.385
HSP 73 0.004 - 0.647

Red text represents p value that is close to 0.05

Pink text represents p value is significant, i.e. < 0.05

4.4.2. Nitrogen—induced IR

Heart tissue was perfused under different perfusion stages as described
in Section 2.11.2. Anoxia was induced in this series of experiments by
perfusing with 95 % N,/ 5 % CO,—gassed KHBB for 40 minutes. Electrical
stimulation was applied during equilibration and reperfusion, but ceased
during the ischaemic period. Prolonged reperfusion (2 hours) was carried out
to allow greater opportunity for any effects on the gene expression to be

realised.

The expression profiles of the stress genes for nitrogen—induced
ischaemia (40 minutes) versus control are shown in Figure 4.12 and the
statistical analyses given in Table 4.5. Data are presented as the gene
expression relative to B—actin. The expressions of eNOS, iINOS and HSP 72
have met the sphericity assumption (i.e. Mauchly’s significance, p > 0.05).
However, the assumption of sphericity for HSP 73 was disregarded, and
Greenhouse—Geisser correction was applied. There was no significant effect
of perfusion conditions on any of the genes studied (i.e. p > 0.05).
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Figure 4.12. Expression profiles for eNOS, INOS, HSP 72 and HSP 73

relative to B—actin. Data are expressed as mean + standard deviation. N = 4

IR: ischaemia reperfusion

Table 4.5. Statistical analyses for eNOS, INOS, HSP 72 and HSP 73.

Mauchly’s significance, Sphericity assumed Greenhouse-Geisser
P significance, p significance, p
eNOS 0.191 0.933 -
iNOS 0.209 0.739 -
HSP 72 0.452 0.630 -
HSP 73 0.048 - 0.421
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4.5. Discussion

Taken together, the data obtained from this investigation revealed that the
greater duration of oxygen—deprived ischaemia (40 minutes) was the only
condition that induced significant increased expression of INOS. The
increase in eNOS expression was close to significance at both 20 and 40
minutes ischaemia. Anoxia, however, did not generate a marked impact on
either INOS or eNOS. Expression of HSP 72 and HSP 73, however, were not

altered under any of the ischaemic conditions.

A whole heart model is generally used to investigate IR (Currie et al.,
1993; Liu et al., 1997; Felaco et al., 2000). In vivo myocardial IR can be
caused by the LAD occlusion where a tubing or needle is placed proximally
over the artery and a suture used to occlude blood flow (Matsui et al., 2001,
Elrod et al., 2006, Arslan et al., 2010). The ligature is released to re—admit
blood flow and initiate reperfusion. Alternatively, an in vitro myocardial IR
model is performed in perfusion system where the heart is perfused in
Langendorff mode. Perfusion buffer is delivered in a retrograde direction
down the aorta. Global ischaemia is induced by complete cessation of
perfusion (Pevni et al., 2005, Knight et al., 2008, Mohanty et al., 2011). In
addition, isolated cardiomyocytes have also been used to study simulated IR
injury (Ladilov et al., 1998, Maddaford et al., 1999). However, one of the
limitations of isolated cells is that they are essentially quiescent and not
performing the level of contractile work normally carried out by the heart.

The properties and structure of the microfluidic chamber may be the
reasons why there was no significant alteration observed in the gene
expression profiles here. The PDMS microfluidic chamber used in this study
was an open to air chamber, thus the perfusion buffer was in contact with the
surrounding atmosphere. During the ischaemic phase, although a fresh
oxygen supply had been removed from the chamber by cessation of flow and

covering the top of the chamber with a glass slide, this might not have been
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sufficient to reduce the oxygen content. Alternatively, nitrogen gas was used
to replace the oxygen content in the buffer to create anoxic environment.
Under these conditions, low oxygen content in the buffer may still increase
when reaching the tissue chamber due to diffusion from the atmosphere.
Therefore, the control of oxygen content in Generation 1 perfusion system
required modification.

More precise control of oxygen within the microfluidic devices could be
achieved using integrated oxygen sensing systems in air-tight chambers with
cultured cells (Oppegard et al., 2010, Sinkala and Eddington, 2010, Khanal et
al., 2011). One way used previously, is to employ oxygen fluorescent sensors
(ruthenium red complexes) to provide spatial and temporal monitoring of

oxygen concentration via fluorescence quenching.

House—keeping, or so—called reference, genes are endogenous genes
that are essential for normal cell viability and functions (Touchberry et al.,
2006). An inherent assumption is that expression levels of these genes
remain constant between samples and under the experimental conditions
(Thellin et al., 1999). Normalization to varying or fluctuating internal
references can lead to erroneous and inaccurate results (Bustin, 2000).
However, house—keeping genes are not exclusively stable, as they are open
to variation based upon experimental treatments or environmental influences
(Touchberry et al., 2006). Therefore, it is very important to validate the
constancy of house—keeping genes between different experimental

treatments and the time course to be employed.

GAPDH and B-actin are two commonly used house—keeping genes used
for comparative gene expression studies. Variations in GAPDH gene
expression were observed in heart tissue subjected to different perfusion
conditions (Figure 4.9), independent of the amount of cDNA. This finding
highlights the fact that GAPDH expression does vary under different
conditions, consistent with other studies where GAPDH expression showed

significant fluctuations in an in vitro cerebral ischaemia model (Gubern et al.,
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2009). However, IR affects the metabolic processes in the heart and could
hence affect the expression of GAPDH. The use of B—actin is suggested in
this case as it is a cytoskeletal protein which serves a structural purpose in
the cell rather than a metabolic role. Its expression was affected to a lesser

extent by ischaemia and reperfusion episodes (Table 4.2).

The small number of experimental repeats (N = 4 for each protocol)
resulted in a large standard deviation, limiting the statistical analysis of the
results. Larger sample sizes will be needed to achieve sufficient statistical

power and increased precision.

Among the NOS genes, only INOS expression was significantly increased
by IR after 40 minutes of oxygen—deprived ischaemia (Table 4.4). Similar
results were reported by Grilli et al. (2003) in which iINOS activity, mRNA and
protein were elevated in hypoxic rat heart tissue in vivo (7 — 14 days in 10 %
oxygen chamber). Wildhirt et al. (1999) revealed that increased INOS
enzyme activity was detected 48 hours after IR in a rabbit heart, examined
using both protein assay and immunohistochemistry. Other studies have also
showed upregulation of INOS expression and activity following IR (Table 4.6).
However, Barsotti’'s group (2001) found no significant changes in iNOS but
reduced eNOS mRNA expression among IR (30 minutes equilibration, 15

minutes ischaemia, and 180 minutes reperfusion) and control groups.

Table 4.6. IR-induced upregulation of iINOS.

Equilibration (min) | Ischaemia (min) | Reperfusion (min)

Left artery iNOS activity 1,

Liuet al., 1997 - 20 120

occlusion tissue NO level 1

iINOS mRNA 1,

Mehta et al., 2000 Langendorff 20 25 30
SOD mRNA |
iNOS mRNA 1,

DiNapolietal,, 2005  Langendorff 20 15 180
eNOS mRNA |
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INOS is expressed under certain pathophysiological conditions, including
stroke, infection, and a variety of trauma and stress. INOS can generate
relatively large amounts of NO (100 times more than normal) in
cardiomyocytes and activated leukocytes which infiltrate the damaged heart
(Nathan, 1997, Mungrue et al., 2002, Ferdinandy and Schulz, 2003). NO
exerts a double—edged effect on the myocardium during IR, it can be both
protective and deleterious, depending on the concentration and the source of
production (Figure 4.13). NO protects the myocardium by maintaining
endothelial function, increasing coronary blood flow, decreasing neutrophil
accumulation, maintaining muscle contractility without increasing energy
demand, and reducing oxygen consumption in myocardium (Manukhina et al.,
2006). Bolli (2001) has reviewed a large number of studies examining the
impact of NO on IR injury in the myocardium, 73 % of which showed a
protective effect of NO whilst only 11 % reported an exert detrimental effect.
Long term gene therapy with iINOS in mice has demonstrated a protective
effect against MI without inflammation or other adverse functional
consequences (Li et al., 2005). In addition, administration of NO donors can
also limit IR injury (Lefer et al., 1993, Beresewicz et al., 1995, Mizuno et al.,
1998).

In contrast to these positive findings, Cui and Zhu (1998) have showed
that downregulation of INOS expression could be cardioprotective. This is
because high level of NO may depress myocardial contractility through the
formation of peroxynitrite, leading to myocardial damage and dysfunction
(Ferdinandy et al., 2000, Feng et al., 2001). Several mechanisms have been
proposed to account for the cytotoxicity caused by peroxynitrite (Hu et al.,
2006), including causing apoptosis by inducing the opening of mPTP
(Brookes and Darley-Usmar, 2004) and the induction of DNA strand
breakage (Szabo, 2003).
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Figure 4.13. Effects of low (eNOS- or nNOS—derived) and high NO (iNOS—
derived) concentrations on different cells. (Schulz et al., 2004)
MPTP, mitochondrial permeability transition pore; VSMC, vascular smooth

muscle cells.

Amongst the IR protocols performed in this investigation, eNOS gene
expression was increased as a result of oxygen—deprived IR procedures
(both 20— and 40-minute ischaemia; Tables 4.3 and 4.4), with p values
tending towards significance, but not for the nitrogen—induced IR. This is in
contrast to a study conducted by Di Napoli et al. (2007) who demonstrated a
significant decrease in eNOS mRNA and protein in isolated rat hearts,
subjected to 20 minutes equilibration, 15 minutes of global ischaemia and
180 minutes of reperfusion, compared to the non—ischaemic control group.
Barsotti et al. (2001) have shown that angiotensin receptor blocker treatment
(1 mM Losartan) before ischaemia and during reperfusion induced
overexpression of eNOS, leading to the reduction of reperfusion injury as
evidenced by decreased mechanical and microcirculatory dysfunction,
reduced necrotic cell death, and protected endothelium. The increased eNOS

expression found in this study were different from others may be due to the
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differences in the IR procedures and the severity of the ischaemia. Treatment
with  3—-hydroxy—3—-methylglutaryl-coenzyme A (HMG-CoA) reductase
inhibitor (2 mg/kg/day Rosuvastatin for 3 weeks prior to IR) have been shown
to increase eNOS and decrease INOS mMRNA after IR (20 minutes
equilibration, 15 minutes of global ischaemia and 180 minutes of reperfusion),
reducing IR injury and preventing endothelial cell and cardiomyocytes
damage (Di Napoli et al., 2005). There are many other pharmacological
alternatives which can upregulate eNOS expression and consequently limit
myocardial IR injury, for example simvastatin and lovastatin (Laufs et al.,
1998), cerivastatin (Wolfrum et al., 2003), AVE 9488 (Frantz et al., 2009),
and North American ginseng (Wu et al., 2011). Hence, the trend towards an
increase in eNOS expression observed in this investigation may be indicative

of a protective mechanism in cardiac tissue against IR.

Although nNOS investigation was discontinued in this study, its
importance in regulating myocardial contractility in normal and failing heart
has previously been well documented (Casadei, 2006). nNOS is expressed
in the SR, sarcolemma and mitochondria of cardiomyocytes (Xu et al., 1999,
Kanai et al., 2001, Takimoto et al., 2002). Increased nNOS protein
expression delays the transition to heart failure as a result of pressure
overload (Loyer et al., 2008), protects the heart from functional deterioration
(Dawson et al., 2005) and reduces mortality following MI (Saraiva et al.,
2005). Conditional nNOS overexpression in transgenic mice conferred
cardioprotection after IR injury with reduced ROS production (Burkard et al.,
2010). In contrast, nNOS inhibition was demonstrated to reduce myocardial
ischaemic/reoxygenation induced injury (Barua et al.,, 2010), as nNOS
exacerbated injury by increasing oxidative/nitrative stress (Lu et al., 2009).
However, infarct size and myocardial injury in nNOS knockout mice were not
augmented by ischaemia/reoxygenation (Sumeray et al., 2000, Takimoto et
al., 2000). This literature would suggest that nNOS expression by cardiac

biopsies required further investigation with new nNOS primers.
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HSPs are molecular chaperones that aid proper folding, conformation and
transport of proteins into different cellular compartments (Parcellier et al.,
2003). They are induced under hyperthermia, as well as a variety of stressful
conditions, e.g. IR stress (Latchman et al., 2001, Lepore et al., 2001,
Lanneau et al.,, 2007; Figure 4.14), and play an important role in
cardioprotection. Two isoforms of 70 kDalton HSPs, HSP 72 and HSP 73,
exist in mammalian tissues (Garrido et al., 2003, Erbse et al., 2004). HSP 72
is the inducible form, whereas HSP 73 is consititutively expressed (Giffard
and Yenari, 2004). Although there is a relatively high conservation of the
gene sequences between HSP 72 and HSP 73 suggesting similar roles, the
different expression profiles under normal and stress conditions indicate that
they are differentially regulated (lkeda et al., 1999). Expression profiles of
HSP 72 and HSP 73 following IR injury were investigated; however, this
study did not demonstrate any conclusive trend in expression for either type.

Stimulus Transcription Protective
Factor Effects
Enhanced

protein folding

Degradation of
Stress abnormal proteins

. L e | G
(Heat, ischaemia) ™ Heatshock  Heat shock HRiBition e
gene == protein = apoptosis

transcription synthesis
NF"LE/’ \ Protection of

Cytokings ——
STAT cytoskeleton

Enhanced
NO synthesis

Figure 4.14. Induction of HSPs by specific stimuli and their protective effect.
(Latchman, 2001)
HSF-1, heat shock factor protein—1; NF—IL6, nuclear factor for interleukin 6;

STAT, signal transducer and activator of transcription.

Most of the studies of HSP 72 have focused on stressed hearts, such as
treatment of hyperthermia, exercise or hypoxia prior to IR (Staib et al., 2007,
Wakisaka et al.,, 2007, Staib et al., 2009). It was first reported that HSP
induction by hyperthermia confers cardioprotection from ischaemia; this

phenomenon is known as cross—tolerance (Currie et al., 1988). Hyperthermic

138



treatment improved functional recovery and reduced CK release following
global IR. Ischaemic preconditioning has shown cardioprotection with
elevated HSP 72 expression. Knowlton et al. (1991) demonstrated that a
single 5 minutes coronary occlusion doubled HSP 72 expression, whilst 4
cycles of 5 minutes of IR increased it by 3 — fold. Marber et al. (1993) also
reported reduction in infarct size and induction of HSP 72 as a result of pre—
treatment of 4 repetitive cycles of 5 minutes ischaemia and 5 minutes of
reperfusion, 24 hours before the hearts were subjected to 30 minutes of

occlusion and 120 minutes of reperfusion.

Apart from the chaperone function, HSP 72-induced cardioprotection
during IR injury was proposed to associate with enhanced MnSOD activity
(Suzuki et al.,, 2002). MnSOD limits mitochondria—related apoptosis by
scavenging superoxide produced within the organelle. HSP 72
overexpression also retards IR—induced apoptosis via caspase—dependent
and —independent pathways, by binding with apoptosis protease—inducing
factor, inhibiting subsequent activation of caspase-9 and caspase—3
(Ravagnan et al., 2001). Furthermore, expression of HSP 72 in transgenic
mice protects against post—ischaemic myocardial dysfunction as shown by

preserved ventricular peak systolic pressure (Trost et al., 1998).

There have been few investigations of HSP 72 expression in heart in the
native state. One of the few studies conducted by Yu et al. (1999)
demonstrated that 30 minutes of LAD occlusion followed by 4 hours of
reperfusion induced higher levels of HSP 72 expression compared with either
24 hours or 7 days of reperfusion. Here, regardless of the durations of
ischaemia or methods of induction, the expression of HSP 72 was not
significantly altered, when compared to the control group. Previously a
correlation between the degree of stress, the amount of HSP 72 induced and
the level of cardioprotection was reported (Donnelly et al., 1992), thus a
critical amount of HSP 72 may be necessary to confer protection from
ischaemic injury (Knowlton et al., 1991, Marber et al., 1993). Donnelly et al.
(1992) were able to demonstrate a significant reduction in infarct size after

whole body heat stress treatment, whereas ischaemic pre—treatment with a
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single 20 minutes coronary occlusion failed to decrease the infarct size or
alter HSP 72 to the level seen after heat stress. Therefore, this suggests that
the stress induced by the three IR conditions in this study may have been

insufficient to cause differential HSP 72 levels.

Despite no significant changes being found in HSP 73 expression in this
study, its expression in 7—day neonatal rat hearts doubled following 4 hours
of hypoxia, but with no change in HSP 72 mRNA (lkeda et al., 1999), in
contrast to the observations described above. It has been reported that HSP
73 overexpression (Chong et al., 1998), and activation by stress (Su et al.,

1999) in H9c2 cardiac myoblasts confer protection against oxidative injury.

In conclusion, the microfluidic approach described here is a simple
method for induction of IR injury in small heart biopsies, which is applicable
for analysing clinical samples from patients undergoing CABG. While
expression of other genes was not altered as a result of both IR procedures,
eNOS expression demonstrated a rise that tended towards significance
following 40 minutes of oxygen—deprived ischaemia, similarly at 20 minutes,
whereas INOS expressions were significantly increased in 40 minutes of
ischaemia. Nitrogen—induced ischaemia did not exert as strong an IR injury
effect as the oxygen—deprived ischaemia. Despite small experimental repeat
and insufficient IR stress, this microfluidic platform offers the opportunity to
understand the molecular mechanisms involved in myocardial protection
during IR injury, thus providing the translation into clinically relevant

therapeutic or preventive strategies.
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Chapter 5

Generation 2

Perfusion System
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To generate a comprehensive understanding of cells or tissues, the ability
in performing multiple studies under a controllable microenvironment within a
chip is essential. The number of integrated microfluidic device for multiple cell
or tissue manipulations and assays on-chip is increasing in the past few
years. For example, an integrated microfluidic device for intestinal tissue
maintenance and monitoring has been described; with its polarized transport
activity being measured using on—line optical fiber detection system (Kimura
et al., 2008). Another multifunctional microfluidic cell culture platform was
proposed for endothelial cells perfusion and on—chip analysis, where cell
morphology and permeability were analyzed in response to pulsatile and

oscillatory shear stress (Shao et al., 2009).

A Generation 2 glass device has been fabricated, where microchannels
were etched on a glass layer for media flow, resembling blood vessels. Two
different methods of assembly of components onto the glass chip (namely
Generations 2.1 and 2.2) were tested. Unidirectional perfusion media delivery
was achieved using a syringe pump, constantly supplying the tissue sample
with nutrients and removing waste products. In addition, an incubator box
was designed to contain all relevant equipment and maintain the internal

temperature (Figure 2.10).

Generation 2 perfusion system was characterized for optimal control of
temperature, fluid flow and gas compositions, prior to perfusion experiments.
With the optimised parameters established using the Generation 1 perfusion
system, viability of rat heart tissue was again tested within the sealed glass
chip. LDH activities measured in the effluent samples were used as before as

the marker of tissue damage during the perfusion period.
The main objective of this study was to establish an optimised glass

microfluidic device for heart tissue perfusion which allowed monitoring of its

viability and responsiveness simultaneously.
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5.1. Glass chip design, assembly and optimisation

A glass microfluidic chip was designed (Figure 2.7) and manufactured by
Dr Steve Clark in the Microfabrication Laboratory (Department of Chemistry,
University of Hull). The chip was composed of two layers of glass; with an
upper layer (3 mm thick) containing holes of specific diameters, and a bottom
layer (1 mm thick) in which channels (cross—sectional diameter = 150 pm)
were etched. A nanoport reservoir assembly (Kinesis, UK) was bonded on
top of the tissue chamber aperture according to the company instructions
(Figures 2.8 A and B). The tissue chamber had a volume of 21.2 ul in which
a tissue sample of approximate dimensions of 2.5 x 4 x 2 mm? could be

contained.

Two different Generation 2 glass chips have been assembled, named
Generations 2.1 and 2.2 (Figure 2.8). Ferrules (GC Supplies, Australia) and
Araldite adhesive (Bostik Findley Ltd, UK) were used to connect PEEK
tubings to ports A — E in Generation 2.1 (Figure 2.8.A). For Generation 2.2,
however, headless 6 — 32” coned nanoport assemblies (Kinesis, UK) were
used to hold tubings in ports A — E and stimulation electrodes, according to

company instructions (Figure 2.8.B).

Electrical stimulation electrodes in Generation 2.1 consisted of platinum
wire fused to glass capillary as shown in Figure 2.9. They were bonded onto
the glass chip by using Araldite adhesive. Furthermore, in Generation 2.2,
the stimulation electrodes were platinum wires fed through the nanoport nut

and held in place with Araldite adhesive. This allowed reuse of the electrodes.

One of the potential problems in using Araldite adhesive for bonding was
the possibility of fluid leakage through the glass apertures and/or blocking the
channels. With the current microfabrication technique, however, the
apertures were not a perfect fit for the PEEK tubing, and hence increased the

risk of leakage and subsequent channel blockage. Leakage of perfusion
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media from underneath the Araldite adhesive was observed in some glass
chips after long term (~ 24 hours) use at 37 °C, despite the claims of Chang
et al. (2010) who used it to prevent leakage around the microfluidic device.
Nanoports were used to replace Araldite adhesive in Generation 2.2 because
() PEEK tubings could be exchanged and recycled, (ii) risk of channel
blockage due to adhesive and leakage was markedly reduced, and (iii)
amount of PEEK tubing required for each chip was reduced since gauge

plugs could replace the nanoport nut at unused ports

5.1.1. Fluid flow

Fluid flow is a crucial element in all microfluidic systems. The fluid flow in
this study was pressure—driven, as fluid was pumped through the microfluidic
device via a syringe pump (Harvard Apparatus, UK). The fluid flow pattern in
the Generation 2.1 device was examined, in which two streams of fluid:
deionised water and red food colouring (Silver Spoon; diluted 1:10 in
deionised water) were pumped through Generation 2.1 chip from left and
right inlets, at a flow rate of 120 pl/minute.

It can be observed that the two streams of fluid flow laterally and the width
(W) of diluted red food colouring was halved when two streams meet, even
though the channels were not clearly defined in Figure 5.1.

Flow rate :
120 plfml
Diluted (1:10) red food
Deionised colouring in deionised
water water

Figure 5.1. Laminar flow generated in the Generation 2.1 chip.
W, width; 1,direction of flow.
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The cross—sectional diameter of the channel in the device was 150 pm,
viscosity and density of water were 8.9 x 10“ Pa:s, and 1 kg/L, whereas the
fluid velocity was 1.132 m/second (flow rate/cross—sectional area). The Re
was 191, according to the Reynolds equation (Equation 2; Osborne, 1883).
This Re corresponded to the laminar flow regime in the microfluidic device.

5.1.2. Incubator box design

An incubator box constructed in polycarbonate (trademarked name Lexan)
was designed and manufactured in the Mechanical Workshop (Department of
Engineering, University of Hull; Figure 2.10). Polycarbonate was the chosen
material because of its high transparency, resistance to fracture, thermal
insulation and ease of machining and bonding.

The dimensions of the incubator box and positioning of the access doors
and ports were carefully designed, so that all necessary equipment could fit
within sufficient space for sample manipulation. The incubator box had two
access doors at the front, for transferring media—contained glass syringe and
collecting effluent samples. The top panel of the incubator box could be lifted
to place equipment (i.e. syringe pump, two heat mats, retort stand, hotplate)
into the box. The cables of equipment were fed through the designated ports,
and secured with individual cable glants. Furthermore, adhesive spongy tape
sealed the gap between the sliding pane and the incubator box. The cable

glants and adhesive spongy tape were used to minimise any heat lost.
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5.1.3. Temperature control

A glass chip was put on the hotplate (Linkam Scientific Instruments, UK)
and a type K thermocouple wire (TC Direct, UK) was placed on top (Figure
2.11), connected to a multi thermocouple type indicator (TC Direct, UK) to
monitor chip temperature. The variation of the hotplate reading and the
temperature of glass chip were monitored (Figure 5.2). In order to maintain

the glass chip at 37 °C, the hotplate was set at 38.8 °C.

Two heat mats (52 cm x 28 cm, 28 W, Pennine Industries, UK) were
placed at the bottom of the incubator box, and connected to two thermostats
(Komodo, UK), to regulate the temperature within the incubator box.
Thermostats were turned to maximum (30 °C), and the variation of the
temperatures of glass chip and incubator box internal environment was
monitored. The incubator box internal temperature measured by a digital
thermometer suspended in the centre of the incubator box ceiling. The
internal atmosphere gradually increased and maintained at 28.7 + 0.12 °C by
the thermostats (30 °C). The glass chip heated directly by the hotplate was
maintained at 37 + 0.16 °C throughout the experiment when the hotplate was
set at 38.8 °C (Figure 5.3).
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Figure 5.2. Variation of hotplate reading and glass chip temperature. Error
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Figure 5.3. Variation of the temperatures of glass chip and incubator box
internal environment with time. Measurements were not taken between 4 —
18 hours during which the setup was left overnight. Error bars indicate the

standard deviation of 3 repeats.
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5.1.4. Oxygen content

Oxygen is a critical factor in maintaining the viability of heart tissue. Thus,
a series of tests were performed to ensure that the heart tissue had sufficient

oxygen supply within the sealed glass chip.

Perfusion media, KHBB, was gassed with 95 % O,/ 5 % CO, for various
time intervals in the water bath at 37 °C and 200 pl aliquots were taken from
the reservoir for partial pressure of oxygen (pO,) measurements; pO, of
KHBB was achieved in the range of 580 — 620 mmHg after oxygenation for at
least 15 minutes (Figure 5.4). However, a standardized 30 minutes of KHBB

oxygenation was performed before commencing an experiment.

Oxygenated KHBB was transferred into a glass syringe and the syringe
was connected to the glass chip via adaptors and PEEK tubing. KHBB was
perfused through the glass chip (without heart tissue sample) and its pO;
checked. Effluent samples (200 ul) were collected at the end of the chip over
10 hours for pO, measurement. A 20 ml glass syringe was used for short
perfusion experiments (e.g 2.5 hours); whereas 100 ml glass syringe was
mainly used for long period perfusion study, up to 13 hours. After being
oxygenated for 30 minutes at 37 °C, the pO, of KHBB was 635.7 + 17.6
mmHg and 668.3 £ 11.2 mmHg from two separate experiments, before being
delivered into a 20 ml and 100 ml glass syringes, respectively (Figure 5.5).
The initial pO2 measurements were 268.7 + 96.5 mmHg and 448.5 + 9.19
mmHg in 20 ml and 100 ml glass syringes, respectively. This may be due to
the lost of oxygen to the environment during the procedure of handling and

connecting glass syringe contained media to the perfusion system.

After 20 minutes of perfusion, pO, levels were maintained in a range of
400 — 450 mmHg and 520 — 580 mmHg until the 20 ml and 100 ml glass
syringes were emptied, respectively. This highlighted the need for priming the
system for at least 20 minutes, before introducing a tissue sample into the

tissue chamber to get to a steady state level.
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Figure 5.4. pO, in KHBB after being gassed with 95 % O, / 5 % CO, for
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Figure 5.5. pO,in KHBB perfused through a glass chip without heart tissue
sample, using 20 ml (blue) and 100 ml (red) glass syringes. Error bars

indicate the standard deviation of 3 repeat experiments.
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5.2. Perfusion data

Right ventricular rat tissue was perfused within the glass chip (Section 2.4)
to determine its viability and stability in the Generation 2 perfusion system.
Effluent samples (240 pl) were collected every 5 minutes for the first 60
minutes and during Triton X100 perfusion and every 10 minutes thereafter,
and stored at —20 °C for LDH analysis (Section 2.6). The system was primed
for 20 minutes prior to introduction of tissue. Then the syringe pump was

paused whilst transferring a tissue sample into the tissue chamber.

LDH release from three separate rat heart tissues (A, B, and C) is shown
in Figure 5.6. The initial high level of LDH due to excision of tissue samples
were observed as expected. These were ‘washed out’ in the first 15 — 30
minutes and maintained at a low level (below 20 U/ml/g) for sample B and C.
The time taken for LDH of sample A to come to steady level was 70 minutes.
The LDH released from sample A was about 3 times higher than that of B
and C at 10™ minute (A: 86.16 U/ml/g, B: 15.22 U/ml/g, C: 13.16 U/ml/g), but
all samples showed gradual LDH decrease with time. However only sample
A was maintained viable in this perfusion system, releasing 159.75 U/ml/g of
LDH during Triton X100 perfusion. In contrast, LDH activities for samples B

and C were not elevated when they were exposed to Triton X100.

In both experiments A and B, a bubble was found trapped in the tissue
chamber when introducing tissue sample into the system when the perfusion
flow was paused, probably due to the atmospheric pressure (Figure 5.7). To
prevent this circumstance, the syringe pump was kept turned on for
subsequent tissue loading when the gauge plug of the tissue chamber was
taken off for tissue sample introduction. Perfusion media was allowed to
overfill the tissue chamber before the gauge plug was screwed and sealed
the tissue chamber. The precaution ensured that no bubbles formed in the

chamber.
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Figure 5.6. LDH release from rat right ventricular tissues perfused for 2
hours with KHBB (black bar), followed by 30 minutes with 2 % (w/v) Triton
X100 in KHBB (red bar). A, B and C were individual heart tissue samples

from different rats.
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Figure 5.7. Bubble trapped in the tissue chamber (horizontal view).
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5.2.1. Directions of media flow

Flow was introduced either: (I) from the top (Figure 5.8 A); or (Il) from the
side (Figure 5.8 B). Heart tissue was perfused for 2 hours with oxygenated
KHBB, and then exposed to 2 % (w/v) Triton X100 in KHBB for 30 minutes.

Effluent collection and LDH assay were done as described in Section 5.2.

Upon Triton X100 perfusion, increases in LDH activities were elicited as
shown in both Figures 5.8.A and B (137.76 U/ml/g and 254.35 U/ml/g,
respectively), indicating that tissue viability was unaffected by either flow
directions. In both cases, the sample was introduced into the tissue chamber
while the syringe pump was running, allowing overfilling of the tissue
chamber. Perfusion medium was pumped in the direction as in Figure 5.8.B
for the subsequent experiments as this was most similar to the fluid flow from

the Generation 1 device.

5.2.2. Electrical stimulation

The impact of electrical stimulation on LDH release was investigated.
Heart tissue samples were electrically stimulated using platinum wires
connected to a programmable function generator (Thurloy Thandar
Instruments, UK) at 3 — 4 V/cm, 1.5 Hz. An episode of 30 minutes 2 % (w/v)
Triton X100 in KHBB perfusion was induced following 2 hours of oxygenated
KHBB perfusion. Effluent samples (~ 240 ul) were collected as previously
described and stored at —20 °C for LDH analysis (Section 2.6).

In the absence or presence of electrical stimulation, heart tissue released
an increased LDH activity following Triton X100 addition and the general
profile of damage pattern was similar (Figure 5.9). Nevertheless, LDH activity
was significantly greater in the absence of electrical stimulation after 2 hours
(341.74 U/ml/g versus 197.16 U/ml/g). Electrical stimulation was maintained
throughout the perfusion in the following experiments, as this best mimicked

the in vivo situation.
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Figure 5.9. LDH release during 2 hours KHBB perfusion of rat right
ventricular tissues (black bar), followed by 30 minutes with 2 % (w/v) Triton
X100 in KHBB (red bar). Blue and red lines represent the absence and
presence of electrical stimulation during the entire perfusion, respectively. N

= 2 for each condition.
5.2.3. Length of perfusion period

The optimised parameters were used in the studies of tissue viability
using the Generation 2 perfusion system. The perfusion period was extended
to 5 hours and finally to 24 hours. The sample was then exposed to Triton
X100 for 30 minutes. Effluent samples were collected and stored as

previously described for LDH analysis.

Similarly to profiles previously observed, the LDH activity declined within
the first hour and then maintained at low level as perfusion went on until
Triton X100 was introduced (Figures 5.10.A and B). The LDH peaks were
128.24 U/ml/g and 355.85 U/ml/g for 5-hour and 24-hour perfusion,

respectively.
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throughout the experiment. A and B are individual representative
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5.3. Discussion

A sealed Generation 2 glass chip has been developed for maintenance of
heart tissue. Optimised parameters that have been used previously in
Generation 1 system including tissue size and electrical pacing were applied.
An incubator box was built to contain all equipment and a syringe pump was
used to flow the perfusion media. This glass chip (Generation 2.2) was able
to maintain rat right ventricular tissue viable for up to 24 hours in contrast

with 5 hours in the Generation 1 perfusion system (Chapter 3).

The Generation 2 perfusion system was designed and manufactured
taking into account the following variables: the choice of materials of tubing,
syringe type, incubator box design. Capillary PEEK tubing was used to
deliver buffer from the glass syringe to the glass chip because it is least
permeable to gas compared with other polymer tubings. PEEK tubing is
opaque, so it is not possible to see bubbles within the tubing, nevertheless,
the flexibility of PEEK tubing makes it a good choice for use as it can
withstand being bent to fit into the connectors of the chip. For example,
PEEK tubing that connected the glass chip and led to the eppendorf tube
was bent to 90 degrees for effluent sample collection (Figure 2.11).

In addition, glass syringes were used instead of plastic ones because of
the lack of permeability to oxygen (Scott et al., 1971, Wiwanitkit, 2006).
Oxygen in blood or water samples stored in syringes made of polypropylene
or polystyrene exchanges rapidly with the environment (Scott et al., 1971).
Glass syringes are better than plastic in preserving arterial blood gas for pO,
examination based on nanomaterial composition (Wiwanitkit, 2006). The size
of the oxygen molecule was calculated based on the chemical bonding
principle, and the relative pore sizes and densities of the glass and plastic
were estimated. Under controlled temperatures and other environmental

factors, oxygen has a ~ 150 times greater probability of diffusion across
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plastic than glass, owing to the greater overall porous nature of plastic.
Therefore glass syringes were chosen in this study.

The incubator box was designed for ease of use. The temperature of the
glass chip was mainly controlled by the hotplate temperature, instead of the
internal temperature of the incubator box (Figure 5.3). The tissue sample was
kept at the optimal temperature, to reflect the in vivo condition. The buffer
contained in the glass syringe was maintained at 30 °C during the perfusion,
but the buffer temperature was raised and equilibrated to 37 °C at the glass
chip as demonstrated in Figure 5.3. The conduction from the hotplate to the
tissue chamber is mainly determined by the material of which the microfluidic
device consisted. Compared with the Generation 1 microfluidic device, glass
had higher heat conduction than PDMS, determined by thermal conductivities
(Shin et al., 2003). The thermal conductivities for glass and PDMS are 1.13
W/mK and 0.17 W/mK, respectively. Accordingly, the Generation 2 glass chip

offers a better temperature control for heart tissue maintenance.

The rate of perfusion media delivered from the glass syringe to the glass
chip was controlled by the syringe pump. Compared with the Generation 1
perfusion system which used two peristaltic pumps to transfer fluid in and out
from the microfluidic device, only one syringe pump was used in this
enclosed perfusion system. Overheating of the peristaltic tubing by friction of
the pump rollers modified the physical properties of the plastic and led to
variations of flow rate (Ba et al., 2001). However, Ba’s group prevented this
inconsistency in flow rates by using computer—controlled syringe pumps. In
the present study, the risk of uneven flow due to inconsistency of two
independent pumps was eliminated in the Generation 2 perfusion system.
This is particularly important especially for long—duration experiments where

heart tissue can be perfused continuously without frequent monitoring.

In microfluidics, it is often necessary to interface the chip using tubings.
Araldite adhesive has been commonly used to secure tubings on glass chips
(Wang et al., 2007, Lanigan et al., 2009), as in Generation 2.1 glass chip.

However, this caused a number of problems as the tubing was not always a
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perfect match for the reservoir hole. Thus when using Araldite adhesive to
attach tubing, the glue can seep into the aperture and clog the microchannel.
Commercially available nanoport assemblies were used in Generation 2.2
glass chip to offer reliable fluid connections via preformed adhesive rings,
with no additional volume added to the fluidic path. These nanoports have
also been used by other microfluidic researchers to interface microfluidic
devices (Li and Lee, 2004, Abbyad et al., 2010, Morshed et al., 2011).

Unwanted bubbles introduced into a microfluidic perfusion system can
markedly affect the device operation and experimental outcome (Cheng and
Jiang, 2009). During the course of perfusion, the system may be interrupted,
disconnected and reconnected for glass syringe replacement; this increases
the possibility of air bubbles accumulation in the device. The opaque PEEK
tubing prevents the observation of bubbles trapped in the fluidic line. If air
bubbles are present in the device, they may obstruct the fluidic line, distort
the laminar flow, and damage the cells at the liquid—gas interface (Kim et al.,
2007). The heart tissue was not fully immersed in perfusion media due to the
presence of air bubbles; therefore it received insufficient oxygen, nutrients,
and electrical stimulation (Figure 5.6.B and C). Several studies have shown
that air bubble formation within the chip could be prevented by incorporating
a bubble trap before the main system (Leclerc et al., 2003, Sung and Shuler,
2009), or integrating bubble trap and debubbler (Skelley and Voldman, 2008,
Cheng and Jiang, 2009).

Maintenance studies and interrogations on various types of tissue
samples within microfluidic devices, or tissue—on—a—chip, for different lengths
of time have been reported. For instances, liver tissues [24 hours (van
Midwoud et al., 2010) and 70 hours (Hattersley et al., 2008)], human
colorectal tissues [70 hours (Webster et al., 2010)], head and neck tumour
tissue [8 days (Sylvester et al., 2010)] and brain hippocampal slices [4 weeks
(Berdichevsky et al., 2009)]. However, studies on intact heart tissue section
in microfluidic perfusion system have not yet been documented. This is the

first study demonstrating that heart tissue was successfully maintained viable
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in a glass microfluidic device for 24 hours, with controlled oxygen level,

temperature, nutrients supply and waste removal.

Interrogation of the functionalities of various tissue samples in microfluidic
devices has been reported. Albumin and urea syntheses (Hattersley et al.,
2008) as well as 7—ethoxycoumarin metabolism (van Midwoud et al., 2010)
have been investigated in liver biopsies. Albumin is the most abundant
protein produced by hepatocytes, and urea production only occurs in liver.
Hence albumin and urea serve as markers of liver function (Peters et al.,
2008). 7—ethoxycoumarin also acts as a positive control compound to
demonstrate metabolic capacity in hepatocytes (Hamilton et al., 2001). In this
investigation, tissue viability was determined by the release of LDH into the
perfusion media. Functionality or contractility, however, has not yet been
examined. The release of cardiac damage marker, CK will be measured
electrochemically (See Chapter 8). In addition, contractile force and action
potential investigations on the heart tissue will be performed in the future,
where miniaturised, ultrasensitive, force transducer systems and optical

devices are integrated with the current perfusion system.

In conclusion, a Generation 2 glass microfluidic device and a more
controllable perfusion setup have been developed for heart tissue
maintenance for up to 24 hours. Although only rat heart tissue was
investigated in this study, it offers, like Generation 1 system, the opportunity
for monitoring clinical biopsies where sample size is usually small. Not only
does this device have the benefit that clinical samples can be analysed, there
should also be reduction in animal experimentations, contributable to the UK
government’s aim of Reduction, Refinement, and Replacement (3Rs) of

animal work.
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Chapter 6

Ischaemia Reperfusion
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Understanding the genetic changes in response to the energetic crisis
arising from limitation of oxygen supply during myocardial IR is essential for
the new development of therapies. In addition to the stress genes described
and discussed in Chapter 4, a series of additional gene products were
examined here. These include BNP, CK-M, CKmito and TnT.

BNP, first isolated from porcine brain (Sudoh et al., 1988), is released in
response to enhanced tension in the ventricular wall that usually
accompanies MI (Schrier and Abraham, 1999, Boomsma and van den
Meiracker, 2001). Generally, a normal level of plasma BNP level is 17.3 £ 8.1
pg/ml (Gunes et al., 2008). It has been well established that BNP plasma
levels are increased after Ml and associated with LV dysfunction (Maisel,
2001, Cowie and Mendez, 2002). BNP levels with different heart failure
classes are listed in Table 1.3. Goetze et al. (2003) have reported that
myocardial hypoxic ventricular biopsies from patients undergoing CABG
surgery had elevated BNP mMRNA expression which was positively
associated with augmented plasma concentrations of BNP.

CK is the key enzyme in the phosphocreatine shuttle that transfers a high
energy phosphate bond from ATP and creatine to generate phosphocreatine
(Figure 1.5; Bessman and Geiger, 1981). The myofibrillar—-bound M
isoenzyme (CK-M) predominates in the heart and is localized at the thick
filaments of contractile apparatus, whereas CKmito is the isoform located on
the outer surface of the mitochondrial inner membrane, where it is
functionally coupled with ANT (Khuchua et al., 1998). CK-MB mass of = 7
ng/ml in plasma is the diagnostic standard for patients with Ml (Zimmermann
et al., 1999). The majority of the IR studies measured CK activity and protein
expression, but only a few have examined the CK-M and CKmito gene
expressions following IR (Mehta et al., 1988, Hoang et al., 1997, Neubauer et
al., 1998).

The presence of circulating TnT in bloodstream also serves as a specific

indicator of myocardial damage; plasma TnT = 0.03 ug/l is now routinely
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used to diagnose MI (McCann et al., 2008). Generally, plasma concentration
and/or protein expression of TnT were measured in myocardial IR models,
whilst its mMRNA expression was not investigated (Chen and Ogut, 2006,
Haubner et al., 2010, Jan et al., 2010).

The expressions of BNP, CK—M and CKmito genes have been shown to
be altered as a result of IR in clinical and experimental studies (Hoang et al.,
1997, Neubauer et al., 1998, Goetze et al., 2003, Goetze et al., 2004, Ramos
et al., 2009, Méllmann et al., 2010). Although TnT expression was changed
during muscle adaptation to stress or functional demands in a rat hindlimb
suspension model (Yu et al., 2007), its expression following myocardial IR
has not been previously investigated. Following the IR simulation using the
Generation 1 device (Chapter 4), a more controllable and defined Generation
2 microfluidic system in terms of temperature and oxygen content (Sections
5.1.3 and 5.1.4) was used in this study. Delivery of media was from the glass
syringe via PEEK tubing, which is minimally permeable to oxygen, and
ultimately transferred to the glass chip using a syringe pump. There is limited
or no diffusion from the environment to the media which created a better
ischaemic insult within the chip. The aim of this chapter was to investigate
the effect of IR on gene expression markers of injury in rat heart tissue using

the Generation 2 perfusion system.
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6.1. Optimisation of primers

In addition to the stress genes (eNOS, INOS, HSP 72 and HSP 73)
optimised in Chapter 4, PCR conditions for a further four more genes were
optimised to provide a more comprehensive study of IR, they are BNP, CK—
M, CKmito and TnT. Primer sequences for these genes are listed in Table
2.3. Three sequences were taken from published work and TnT primers were
designed using the Primer  Designing  Tool  from NCBI
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/). The primers were all
subjected to a sequence check for their locations within the genome (Figure
6.1). CK—M and CKmito primer pairs span an intron, whereas the rest do not
span or flank an intron. In order to ensure there was no gDNA contamination
in the samples, a no—reverse—transcribed (no—RT) control (extracted RNA

without RT reaction) for each sample was also subjected to PCR.
6.1.1. Volumes of BNP, CK-M, CKmito and TnT

Figures 6.2 and 6.3 show the optimisation of primers volume. Optimum

volumes for BNP at 2 ul and the other primers at 1 ul were chosen.

6.1.2. Annealing temperature

Annealing temperatures of 60 °C, and 63.5 °C were tested for TnT; 59 °C,
and 60 °C for CK-M and CKmito, all the bands produced were of similar
intensities (Table 6.1 and Figure 6.3), and hence 60 °C was selected for
subsequent PCR. In addition, BNP was amplified with annealing
temperatures of 56 °C, and 60 °C, with greater intensities observed at 56 °C
(Figure 6.2). No—RT controls showed no visible bands for BNP and TnT (data
not shown), indicating minimal contamination with gDNA in any of the

samples.
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http://www.ncbi.nlm.nih.gov/tools/primer-blast/

1 170 228
81 bp fragment 148 208 247
4650 4782 6070 6183
CK-M
133 bp fragment 4772 6061 6233
6164
26453 26588 30824 30923 30949
‘ """""""""""""
126 bp fragment o ooTTmTmmmmmemmmmT
pfrag 26582 30838 30943
15696 15731 15826
TnT
114 bp fragment 15715 15807 15929

Figure 6.1. Primer locations for individual genes. Forward primers for CK—M and CKmito flank an intron, whereas BNP and TnT do

not span/flank any intron.
(Number: base position from NH; terminal; Blue bars: exon; Red bars: primer positions in exon; White bar: intron)
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Table 6.1. Annealing temperatures of genes.

Reference
Product Eurofins NCBI
paper
Iength (bp) Atemp (Oc) Atemp (OC) A!emp (oc)
60.6 54 .1
BHE 81 63.7 55.4 &5
61.8 55.2
CK-M 133 59
61.4 56.6
) 57.9 476
CKmito 126 55.9 427 59
63.5 59.9
wir e 63.5 60.1 ;

Awemp, annealing temperature
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Figure 6.2. Representative gel comparing the intensity of BNP bands with
different primer volumes and annealing temperatures.
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Figure 6.3. Representative gel comparing the intensity of CK—-M, CKmito and
TnT bands with different annealing temperatures.
*, 100 bp DNA ladder; -ve ctrl, negative control without primer
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6.2. Oxygen levels in perfusion media

Many studies using IR protocols do not specify the oxygen content of the
media used. In an isolated rat heart perfusion, the pO, during normoxia and
hypoxia were 660 mmHg and 220 mmHg, respectively (Poizat et al., 1993).
However, the arterial pO, of perfusion medium in the isolated hypoxic rat
heart in another study were 70 — 90 mmHg, but the pO, during normoxia was
not mentioned (Lin et al.,, 1997). Here, the pO, of the perfusion medium
within the glass microfluidic device (without tissue sample) was measured
prior to IR simulation, using the two types of IR regimes as described

previously in Chapter 4.

Initially, KHBB was gassed with nitrogen for various time intervals at 37 °C
and 200 pl aliquots were analysed for pO, measurements. The pO, of KHBB
was maintained in the range of 35 — 38 mmHg after being gassed with
nitrogen for at least 15 minutes (Figure 6.4). KHBB was gassed for a
standardized 30 minutes before transferring into a glass syringe for use in a
nitrogen—induced ischaemia episode. In addition, oxygenated KHBB was
used during equilibration and reperfusion, whilst non-oxygenated KHBB was

used to generate an oxygen-deprived ischaemia episode.

300

-

250

Time of nitrogen gassing (min)

Figure 6.4. pO, in KHBB after being gassed with 95 % N,/ 5 % CO, for
various periods. Error bars indicate the standard deviation of 3 repeats.
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For both regimes, effluent aliquots (200 pl) were taken from the outlet at 5
minute intervals for pO, measurements. The pO, of the KHBB during
equilibration and reperfusion in the Generation 2 glass chip was greater than
300 mmHg, whereas the average of pO,were 214.53 + 14.32 and 102.13 +
4.03 mmHg during oxygen—deprived and nitrogen—induced ischaemia,
respectively (Figure 6.5). These values are consistent with those determined
in other hypoxic studies using isolated rat heart models (Poizat et al., 1993,
Lin et al., 1997). The KHBB pO.in the glass syringe (102.13 + 4.03 mmHgQ)
was higher than the buffer reservoir after gassing with nitrogen for 30
minutes (35 = 3 mmHg) because of the procedure of transferring gassed

media from the reservoir to the glass syringes.
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Figure 6.5. pO, in KHBB during the oxygen—deprived (A) and nitrogen—

induced (B) IR procedures. Data are expressed as mean * standard

deviation. N =3
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6.3. PCR

Rat ventricular samples (N = 4 for each protocol) were subjected to the
protocols as described in Figure 2.19. Control samples were perfused for the
same length of time with oxygenated KHBB. A total of 8 genes were
amplified, quantified and expressed relative to B—actin expression (Sections
2.11.7-2.11.9).

6.3.1. Oxygen—deprived IR (20 minutes ischaemia / 30 minutes

reperfusion)

The expression profiles of genes relative to B—actin are shown in Figure
6.6, while statistical analyses listed in Table 6.2. The IR group showed
increased CKmito, and decreased iINOS, BNP and TnT expression levels,
compared to controls. The expressions of other genes tested were
comparable to controls. Greenhouse—Geisser correction test was used for
TnT as its assumption of sphericity was not met (Mauchly’s significance, p <
0.05). It has been demonstrated that this IR perfusion condition had no

significant effect on any of the genes tested.

Table 6.2. Statistical analyses for all genes.

Sphericity Greenhouse-

Mauchly’s
o assumed Geisser
significance, p

significance, p | significance, p

eNOS 0.183 0.951 -
iNOS 0.347 0.873 -
HSP 72 0.536 0.979 -
HSP 73 0.635 0.924 -
BNP 0.149 0.757 -
CK-M 0.354 0.816 -
CKmito 0.351 0.708 -
nT 0.003 - 0.595
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6.3.2. Oxygen—deprived IR (40 minutes ischaemia / 30 minutes
reperfusion)

Figure 6.7 shows the expression profiles of genes relative to B—actin
during 30 minutes of equilibration, 40 minutes of ischaemia and 30 minutes
of reperfusion, with statistical analyses in Table 6.3. Greenhouse—Geisser
correction test was applied to eNOS as its assumption of sphericity was not
met (Mauchly’s significance, p < 0.05). HSP 72 was the only gene which was

significantly decreased by prolonged oxygen—deprived ischaemia (p = 0.008).

Table 6.3. Statistical analyses for all genes.

Sphericity Greenhouse-
Mauchly’s
assumed Geisser

significance, p

significance, p | significance, p

eNOS 0.021 - 0.774
iNOS 0.361 0.362 -
HSP 72 0.403 0.008 -
HSP 73 0.184 0.996 -
BNP 0.551 0.310 -
CK-M 0.01 - 0.476
CKmito 0.362 0.742 -
nT 0.087 0.856 -

Pink text represents p value is significant, i.e. < 0.05
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6.3.3. Nitrogen—induced IR (40 minutes ischaemia / 30 or 120 minutes

reperfusion)

The impact of nitrogen—induced IR regime on NOS and HSP genes
expression levels was tested in rat heart samples exposed to 40 minutes of

ischaemia and either 30 or 120 minutes of reperfusion.

The mRNA expression profiles for these genes in IR were markedly
higher than the control group, except for HSP 73 (Figure 6.8). Greenhouse—
Geisser correction test was used in the case where Mauchly’s significance is
less than 0.05. Expression was not altered as a result of 40 minutes
nitrogen—induced ischaemia followed by 30 minutes of reperfusion (Table
6.4). However, when the reperfusion period was extended to 120 minutes,

INOS mRNA level was significantly increased (p = 0.011, Table 6.5).
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Table 6.4. Statistical analyses for NOS and HSP genes after 40/30 minutes
of IR.

Greenhouse-
Mauchly’s .
Geisser

significance, p

significance, p

eNOS 0.024 0.931

iNOS 0.043 0.141
HSP 72 0.002 0.7.57
HSP 73 0.016 0.847

Table 6.5. Statistical analyses for NOS and HSP genes after 40/120 minutes
of IR.

Sphericity | Greenhouse-

Mauchly’s assumed Geisser

significance, p | significance, | significance,

eNOS 0.015 - 0.791
iNOS 0.274 0.011 -

HSP 72 0.289 0.668 -

HSP 73 0.000 - 0.820

Pink text represents p value is significant, i.e. < 0.05
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6.4. Discussion

Episodes of myocardial IR were performed on rat ventricular samples in
this Generation 2 perfusion platform and gene expression profile analysis
was examined under these conditions. In the present study, HSP 72 mRNA
expression was significantly altered by 40 minutes (but not 20 minutes) of
oxygen—deprived ischaemia, followed by 30 minutes of reperfusion in
constrast to the HSP 72 expression observed in Chapter 4. In nitrogen—
induced IR, however, only iINOS was upregulated after 120 minutes
reperfusion,as well as 30 minutes of reperfusion within the Generation 1

device (Chapter 4).

Khanal et al. (2011) have performed research on IR injury in primary
porcine cardiomyocytes in a polydimethylsiloxane (PDMS) microfluidic device;
this study was the first investigation of IR on cardiac tissue within a
microfluidic chip. Khanal’s group used nitrogen flow to generate ischaemia
and oxygen content was monitored and controlled on—chip by injecting a
fluorescent dye, Tris(4,7—diphenyl-1,10—phenanthroline) —ruthenium(ll)
dichloride, into the upper layer of the chip, in contrast to the study here in

which perfusion media were prepared off—chip.

In the current study, even though only iINOS and HSP 72 expression
profiles were affected by certain IR procedures, the standard deviation was
largely due to small number of experimental repeats (N = 4 for each IR
regime). Therefore, further replicates are necessary to fully realise the

statistical profile.

BNP gene expression was unaffected by oxygen—deprived IR procedures
similar to observations from Luo et al. (2006). However, these findings are in
contrast to Mélimann et al., (2010) who demonstrated significantly increased
BNP expression in hypoxic human myocardium. A surgical reduction of blood

flow to anterior ventricular wall in pig for 2.2 =+ 0.2 hour also caused 3.5 fold
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increased myocardial BNP mRNA expression (Goetze et al., 2004). In
addition, Ramos et al. (2009) showed that 15 minutes of ischaemia and 15
minutes reperfusion in rat hearts has increased BNP mRNA content

compared to hon—ischaemic regions.

Exogenous administration of BNP exerts protective effects against
myocardial IR injury, and limiting infarct size (D'Souza et al., 2003b). The
protective mechanism is reported to be associated with mitochondrial Katp
channel opening. There is evidence that opening of this channel decreases
ROS generation at reperfusion (Ozcan et al., 2002) and blunts mitochondrial
Ca** accumulation during ischaemia (Murata et al., 2001). Interestingly, the
addition of L-NAME, the NOS inhibitor abrogated the cardioprotective effect
of BNP in rat heart in vivo (D'Souza et al., 2003a, Ren et al., 2007), but not
iINOS inhibitor, S-methyl-isothiourea (Ren et al., 2007). Ren et al. (2007) also
showed that the beneficial effects of BNP were associated with increased

eNOS expression, enhancing NO concentrations.

Although CK—-M mRNA expression was not altered in any of the IR
regimes in this study, several studies have demonstrated reduced CK-M
gene expression using different IR models. Previously, Mehta et al. (1988)
showed that CK—-M mRNA levels were at least 40 % lower in ischaemic dog
and rabbit hearts occluded for 90 minutes, compared to normal myocardium.
In addition, MI has significantly reduced CK—M mRNA levels (38 % reduction)
compared to control (Neubauer et al., 1998). The finding obtained here was
agreed with Hoang et al.,, (1997), who also reported unchanged CK-M

MRNA expression in a remodelled left ventricular post—MI pig model.

An explanation for the reduction in CK—-M gene expression in other IR
studies is the adaptive mechanisms accompanying LV hypertrophy, i.e. re—
appearance of the foetal CK pattern with an isoenzyme switch from CK-M to
CK-B in failing human (Nascimben et al., 1996) or dog (Ye et al., 2001)
hearts. Energy transduction via CK-B is more efficient (Ingwall, 1993) as a

result of higher affinity of CK-B to ADP compared to CK-M. Conflicting
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results have been obtained by Saupe et al. (2000), where the shift in CK
isoenzyme toward foetal pattern conferred no obvious kinetic advantage.

In a remodelled LV post—MI pig model, Hoang et al. (1997) demonstrated
46 % decreased CKmito mRNA expression, compared with the controls.
Mitochondrial oxidative phosphorylation via CKmito is essential in ATP
production in the heart during high workload; therefore the decreased
expression may ultimately compromise energy metabolism and contribute to
heart failure. Additionally, CKmito is part of the protein complex involved in
the mPTP (Dolder et al., 2003, Kroemer et al., 2007). CKmito octamer—
substrate complexes possess a protective and stabilizing effect against
mPTP opening (Andrienko et al., 2003, Speer et al., 2005). Hence, reduced
CKmito gene expression post—MI may exacerbate mPTP opening and induce
subsequent apoptosis. However, CKmito gene expression was not observed
to change in the present study, indicating that mitochondrial oxidative
phosphorylation may not be affected by acute IR protocols, and hence the
cardioprotective effect from CKmito against opening of the mPTP may be
retained. In support of this, Neubauer et al. (1998) also detected unchanged

CKmito mRNA expression in rat heart post Ml.

The current study has shown that Tn'T mRNA expression of rat heart was
not influenced by IR stress. Although post—translational modification of TnT
has not been evaluated in this study, its role in myocardial IR was determined
by others. The NHy—terminal region of TnT is hypervariable and can be
selectively removed during myocardial IR by p—calpain proteolysis whereas
conserved regions of TnT are preserved. Zhang et al. (2006) have showed
that global IR in ex vivo bovine working heart preparations generated a 1 —
71 truncated NH,—terminal peptide of TnT. These NH,—terminal alterations
affected the overall protein conformation and subsequent Ca®*—regulation of
muscle contraction (Jin et al., 2000, Jin and Root, 2000), can possibly serve
as an adaptation mechanism in the myocardium under stress conditions
(Feng et al., 2008).
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In this study, the oxygen content of KHBB was determined in effluent
samples. A less labour intensive method can be applied in the future where
electrochemical modules would be integrated onto the device to detect in situ
pO;, throughout the perfusion. In addition, multiple analytical modules can be
integrated with the current device to examine the kinetics of cardiomyocyte
injury and damage throughout IR. Furthermore, the present perfusion device
can also be modified via connection to a PCR on—chip platform, giving a

continuous and online read—out of gene expression.

In conclusion, a proof-of-concept microfluidic device has been
established for investigation of heart tissue, which can be adopted or
modified for experimentation of various tissue types. Only iINOS and HSP 72
were affected by the IR regimes but not the biomarkers BNP, CK—-M, CKmito
and TnT and other stress genes tested in this investigation, suggesting that
the myocardial stress was insufficiently great to cause extensive IR injuries.
Other IR-induced stress models remain to be tested in this microfluidic
perfusion system for the analysis of contractile dysfunction, myocardial
injuries and cell death.

179



Chapter 7
Use of Magnetohydrodynamics

in

Generation 1 Perfusion System
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The diameter of channels in microfluidic devices is normally in the order of
100 pum, and the Reynolds numbers (Re) associated in these devices are
small (Re < 1; Sia and Whitesides, 2003, Lam et al., 2009), indicating laminar
flow with little mixing exists between two or more streams of fluids (Choban
et al., 2004, Ong et al., 2008), as shown in Figure 5.1. In biological processes,
efficient mixing is particularly critical to ensure even distribution of interacting
particles; hence there is often a need to integrate extra components such as
micromixers and microstirrers within microfluidic devices, when they are used
to study biological systems (Miyake et al., 1993, Voldman et al., 2000, Wong
et al., 2004).

Magnetohydrodynamics (MHD) provides an elegant and flexible solution
to existing mixers, as it does not require any mechanical components. MHD
offers the potential to control fluid flow or fluid mixing locally by using an ion
current within a magnetic field (Qian and Bau, 2009, Weston et al., 2010).
The cross product of ion flux and the magnetic field gives rise to a magnetic
force, thus causing the fluid to rotate around the electrodes (Anderson et al.,
2010). Electroactive redox species can be added into the buffer solution to
enhance fluid convection in the presence of magnetic field, termed redox—
MHD.

In a number of redox—MHD studies, fluid flow was imaged using coloured
redox species generated in situ, for example orange-red radical
nitrobenzene anion (Pullins et al.,, 2001, Grant et al., 2002, Leventis and
Dass, 2005), or with dye tracers (Bau et al., 2003, Qian and Bau, 2005).
However, monitoring the microscopic convective paths within these dyes is
difficult. In addition, the effect of these dyes on the tissue was unclear. To
overcome the limitations of dyes, polystyrene latex microbeads (10 um) were
used to track and follow fluid flow under inverted microscope, following the
method of Anderson et al. (2010).

In this chapter, the application of redox—MHD in the microfluidic system
for heart tissue maintenance was described. The effect of redox—MHD on

heart tissue viability in the modified Generation 1 perfusion system was

181



examined using LDH assay. Parallel tissue samples were analysed
simultaneously to allow comparison between treated and control groups. In
addition, a single tissue sample was interrogated repeatedly within one
experiment, to eliminate inter—sample variations due to excision artefacts, or
the region from which the tissue was sampled. Three redox species (Ruhex,
hydroquinone, and potassium ferricyanide/ferrocyanide) were considered to
improve MHD-induced mixing but there remains concern for the reactivity
and interference of redox species with biological samples and the LDH assay.
Therefore, redox species with minimal impact on the LDH assay was
selected before the impact of redox species and redox—MHD on tissue
viability was investigated. Qualitative microscopy of redox—MHD was also

examined using polystyrene microbeads.

The main aim of this chapter was to determine the effect of redox—MHD
on fluid mixing around the heart tissue within the modified Generation 1

perfusion system.
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7.1. Multiple experiments with single tissue sample

The feasibility of performing multiple experiments on a single tissue
sample was first examined in the absence of MHD. A perfusion system as
described in Section 2.10.1 was set up and all buffer solutions were prepared
as described in Section 2.10.4. A series of cardiac tissue biopsies were
perfused with KHBB for 84 minutes, followed by 6 minutes incubation with
Triton—KHBB, and a further 84 minutes of KHBB perfusion. Subsequently the
tissue was exposed to a second 6 minutes Triton—KHBB incubation, and a
final 90 minutes of KHBB perfusion, and lastly 30 minutes of Triton—-KHBB
perfusion (Section 2.10.5). A recovery period of 84 minutes was chosen
because it has been shown in previous studies (Chapter 3) that LDH release
resulting from an insult has returned to minimal within this time frame. During
the perfusion, effluent samples (240 pl) were collected every 5 minutes and
stored at —20 °C until LDH analysis (Section 2.6). Electrical stimulation at 3 —

4 V/cm, 1.5 Hz was applied throughout the perfusion as previously described.

LDH activity increased at 100" minute after the brief Triton-KHBB
incubation, but subsequently decreased with time (Figure 7.1). The delay
after the Triton—KHBB incubation period and the LDH peak is most likely
attributable to a combination of chamber—emptying time (approximately 4
minutes) and time of travel of solution from the chamber to collection tube
(6.9 minutes). The second Triton—KHBB incubation (174 — 180" minute)
produced a similar LDH response, with a spike at 185™ minute. A final Triton—
KHBB perfusion (= 270™ minute) elicited the greatest LDH release.

Cardiac tissue remained viable after two pulses of 6 minutes incubation
with Triton—KHBB, suggesting that multiple experiments can be performed on

the same tissue sample.
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Figure 7.1. A representative study of LDH release from heart tissue following
two 6 minute incubations with Triton—KHBB without MHD, each followed by a
84 minute oxygenated KHBB perfusion. The tissue sample was exposed to

continuous Triton—KHBB perfusion after 270" minute. N = 2
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7.2. Choices of redox species

It was important that redox species used to generate MHD did not
interfere with the measurement of LDH. Three redox species (5 mM Ruhex, 5
mM hydroquinone, or a mixture of 2.5 mM potassium ferricyanide and 2.5
mM potassium ferrocyanide) were individually added into the perfusion media,
to check its effect on the sensitivity of assay. The colours of each redox
species are given in Table 7.1. Figure 7.2. shows the comparison of prepared
and calculated LDH activities in the presence of redox species, showing the
impact of the redox species in the LDH assay. The calculated LDH activities

were derived as described in Section 2.10.3.

Table 7.1. Colour and absorbance of redox species.

Redox species Colour (solid form) | Absorbance at 490 nm
Ruhex Pale yellow 0.04
Hydroquinone White 0.04
Potassium ferro/ferricyanide Red/Pale yellow 0.35
KHBB alone - 0.04

In the presence of 5 mM Ruhex, the calculated LDH activity increased
linearly with the prepared LDH activity, but it was about 43.2 + 7.6 % of the
prepared LDH (Figure 7.2.Blue). The calculated LDH activities were very low
in the presence of 5 mM hydroquinone, i.e. 7.4 + 1.9 % of expected, but an
approximately linear calibration curve for LDH was produced (Figure
7.2.Green). With the mixture of potassium ferri- and ferrocyanide (2.5 mM
each), a curve instead of linear line was produced (Figure 7.2.Red), and the
LDH activities were unable to be detected when LDH activities below 0.15

U/ml were prepared.
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Figure 7.2. The influence of the presence of redox species on measurement
of LDH activity. N = 2

In conclusion, 5 mM Ruhex was selected for the redox—MHD study
despite the reduction in levels of LDH detection, as these effects were
consistent across the range of detectable value and did not substantially alter

the sensitivity.
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7.3. Impact of Ruhex and Ruhex-MHD on tissue viability

Before Ruhex—MHD was investigated, the effect of 5 mM Ruhex on heart
tissue viability was investigated. A parallel perfusion system (Figure 2.17)
was set up where two heart tissues were perfused according to the protocol
described in Section 2.10.5, with Ruhex—KHBB present in the 6 minutes
incubation for one sample (Figure 7.3.Red). Similar LDH release trends were
observed, with LDH activity peaks at 95" and 100" minutes, for tissue
exposed to KHBB alone and Ruhex—KHBB during the 6 minutes incubation,
respectively. The LDH activities remained low after the Ruhex—KHBB or
KHBB exposure. LDH activities increased at the end of the incubation period
following Triton—KHBB perfusion in both samples, which confirmed that both
samples remained viable following a brief exposure to Ruhex—KHBB or
KHBB alone.

The impact of Ruhex—MHD on cardiac tissue was examined subsequently,
where a steel U-shape magnet was inserted across one of the tissue
chambers in the parallel perfusion setup (Figure 2.17.b). The magnet was
present only during the 6 minutes incubation period for one sample. An
increase in LDH activity in both samples was observed at 95" minute,
followed by a decline with time (Figure 7.4). This is in contrast to previous
investigations where the decline in LDH release took a longer period (90" —
130" minutes in Figure 7.4 versus 90" — 100" minutes in Figure 7.3).
However, since this observation was seen in both samples, it may not be due
to alterations in the chemistry of the samples, but rather the behaviour of the
flow system. The final perfusion with Triton—KHBB elicited a marked rise in
LDH activity, showing that both samples were viable throughout the perfusion.
This study demonstrated that the magnetic field had no noticeable effect on

the release of LDH.
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Figure 7.4. A representative study of the effect of Ruhex-MHD on LDH
release from biopsies during parallel perfusion. Ruhex—KHBB-Triton—-MHD
was only present in the treated sample for 6 minutes (84" — 90"), the
remaining time both tissues were perfused with oxygenated KHBB in the
absence of magnet until 180™ minute, and then perfused with Triton—KHBB.
N = 3 for each condition
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7.4. Observation of MHD-fluid flow

Qualitative determination of MHD was carried out by placing the tissue
chamber on a hotplate attached to the stage of an inverted microscope
(Section 2.10.1). Microbeads (10 um diameter) were diluted in the perfusion
buffer (1:30 dilution) to track the flow of fluid. Videos were recorded under
different perfusion conditions (static/perfusion, presence/absence of electrical
stimulation, presence/absence of magnet, different buffer compositions)
Supplementary videos (1 — 5) are provided in the DVD attached with this

thesis.

Agitation during Triton—KHBB incubation was observed, before switching
on the stimulating electrodes (Video 1). This was most likely due to the
thermal gradients from the hotplate under the tissue chamber. When the
electrical stimulation was switched on at 4 seconds, in the absence of
magnet, there was no significant change in fluid flow. However, the
combination of stimulation and the magnet showed that MHD flow was
superimposed on the thermal convection as shown in Video 2. This
demonstrated MHD-induced fluid flow (pulsating motion of microbeads)
superimposed on the thermal convection. It was difficult to monitor the MHD
flow motion when the perfusion was initiated (Video 3). Instead, a relatively
slower pulsating movement was noticed consistent with frequency of the

peristaltic pump roller (~ 0.18 Hz).

When 5 mM Ruhex was added to the Triton—KHBB in the presence of
magnet, MHD flow movement was more noticeable (Video 4) than previously.
The direction of flow motion due to thermal convection was changed when
electrical stimulation was activated at 3 seconds when magnet was present.
In addition, the MHD flow was approximately 1.5 — 2 fold greater compared
with that in the absence of Ruhex (Video 2). This was determined by the net
displacement of microbead over a fixed time from the recordings. However,
the MHD flow remained visible in addition to thermal convection effects. Even

during perfusion, a surge of Ruhex—MHD was noticeable when electrical
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stimulation was switched on at 2 seconds, in the presence of magnet (Video
5). Bead movement slowed after the initial surge and Ruhex—MHD flow was

indistinguishable from the highly variable convection due to perfusion.
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7.5. Discussion

Since a laminar flow regime dominates in microfluidic devices, mixing is
largely relied on diffusion. Here, redox—-MHD was applied to the Generation 1
perfusion system to enhance mixing in a controlled manner. A parallel
perfusion setup was established to study two samples from the same heart
simultaneously, maintained for the same period prior to analysis. Ruhex (5
mM) was chosen for redox—-MHD study (among other redox species)
because it allows LDH activity to be measured, with a correction in the
effluent samples contained Ruhex based on Figure 7.2. The presence of
Ruhex and Ruhex—MHD in the perfusion system had little detrimental effect
on the sample viability, and the videos of MHD and Ruhex—MHD showed
alterations in flow. Furthermore, mechanical contraction was observed in

some tissue samples but this ceased at the early stages of perfusion.

This study has demonstrated that a single biopsy can be interrogated
repeatedly within one experiment by transient exposure to Triton—-KHBB
incubation, eliciting appropriate LDH release. Hence multiple experiments
can be performed on the same tissue sample, eliminating inherent variation
due to sample excision and handling procedures. Furthermore, the parallel
perfusion setup increased the experiment efficiency in term of time and
number of samples required. Hattersley et al. (2008) reported a similar
approach where a rat liver sample in a microfluidic device was exposed
repeatedly but transiently to lysis buffer, followed by Wiliams Media E
(typical media for liver tissue maintenance) perfusion. LDH release and DNA
levels were showed to diminish with repeated exposure to lysis buffer.
Hattersley’s study differed from the current work in which the liver sample
was not exposed to longer lysis buffer perfusion at the end of the experiment.
The increased LDH release from the tissue samples due to continuous
Triton—KHBB perfusion indicated that these samples were not adversely

affected by the previous incubation with Triton.
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Among the three redox species tested, it was assumed that the
interference of hydroquinone and a mixture of potassium ferri- and
ferrocyanide with the LDH assay were much more intense than that of Ruhex.
However, the reason for the effect was unclear. Furthermore, it has been
demonstrated that the tissue viability was unaffected by the presence of 5
mM Ruhex. Ruhex has been used previously in cardiac research by
Schoenfisch and colleagues (2005), where 1 — 5 mM Ruhex was used in rat
heart perfusion, in order to carry out in situ electrochemical measurements.
The tissue was considered to be ‘living’ based on the criterion that the heart

was still metabolizing nutrients and hence able to generate a heartbeat.

Although the final Triton—KHBB perfusion caused a marked increase in
LDH release, demonstrating that the samples remained viable during
perfusion; LDH release following the static incubation of Ruhex — Triton —
KHBB in the presence of magnet was relatively high (Figure 7.4), indicating a
considerable degree of cellular damage. It may be due to the effect of the
magnetic field on heart tissue, or Ruhex — MHD induced stirring of Triton,

causing greater tissue lysis.

In the existing Generation 1 perfusion system, two platinum electrodes
were used for stimulation of heart tissue and source of ion flux for MHD. In
the future, this setup can be modified as electrodes can be easily patterned
on the microfluidic chips to generate ion flux at desired locations and to
create different flow patterns (Qian and Bau, 2005, Weston et al., 2006,
Anderson et al., 2010, Weston et al.,, 2010), within confined volumes,
channels, and reservoirs e.g. Figure 7.5. The flow direction can be simply
reversed, by (i) changing the potential at one electrode or the direction of the
current flux, or (ii) changing the direction of magnetic field. The device can
operate as a pump for continuous flow, or to induce chaotic advection (Qian
and Bau, 2005), by activating microelectrodes patterned differently on the
chip. The fluid flow around the tissue can also be fine—tuned, and used to
modify the concentration gradient at the tissue surface, and hence, facilitating

the tissue uptake and release of chemical species.
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Figure 7.5. A schematic diagram of microelectrodes patterned along the

microchannel. (Hu et al., 2011)

In conclusion, the application of Ruhex—MHD in the modified Generation 1
perfusion system showed no deleterious effect on tissue viability, as
determined by LDH release. This application could be of particular
importance when the tissue sample is exposed to certain drugs or
therapeutic agents during the perfusion, to test the responsiveness of cardiac
tissue to treatment. Efficient mixing around the tissue will allow effective and
reproducible uptake of drugs and release of chemical species in response to
the therapeutic treatment. Hence, a better understanding of the biological
response of heart to different relevant therapeutic strategies could be

investigated in the future.
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Chapter 8

Development

of

Creatine Kinase MB Microsensor
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Cardiac markers play an important role in the diagnosis, prognosis,
monitoring, and risk stratification of suspected heart attack patients (Marrow
et al., 2007, Thygesen et al., 2007). Assessment of the presence of cardiac
marker is critical for clinician’s evaluation of acute coronary syndromes, in
addition to electrocardiographic changes. CK-MB is one of the cardiac
markers which is widely used for the clinical diagnosis of AMI (Collinson,
1998), even though reports received in recent years have shown that Tnl is
superior as a diagnostic marker (Kontos et al., 2003, Basu et al., 2009). CK—
MB is an intracellular enzyme present primarily in cardiac muscle. Injuries to
the heart and to a lesser extent to skeletal muscle; or a period of intensive
exercise may lead to CK—MB release into the blood serum. After the onset of
AMI, CK-MB level is elevated markedly for up to 6 hours, peaking after 24

hours and returning to normal within 48 — 72 hours (Singh et al., 2011).

A normal serum CK—MB in the range of 0 — 6 ng/ml was reported (Knight,
2001, Mercuro et al., 2007). However, these results have to be interpreted
relative to the total CK in serum (reported in 1U); the ratio is termed a CK—MB
index. Generally, an index = 3 is associated with myocardial injury. Table 8.1
demonstrates the diagnosis of AMI based on the CK—-MB concentration and
its index. In the microfluidic perfusion system described previously (Chapters
3 and 5), the release of a much lower amount of CK—MB would be expected
as the biopsies of heart tissue are small (~ 10 mg). Therefore, development
of a sensitive, robust and accurate CK—MB methodology is needed for use

with these perfusion systems.

Table 8.1. CK-MB diagnosis of AMI.

CK-MB concentration CK-MB index Indication of AMI

=10 ng/ml =210 Probable
4 — 10 ng/ml 4-10 Positive
< 4 ng/ml <4 hegalive

(Knight, 2001)
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The use of a specific antibody to capture cardiac biomarkers in
immunoassays has been a well known clinical diagnostic methodology.
Recently, a variety of biosensors have been established using immunoassay
techniques, where the targeted antigen is efficiently captured and information
is relayed into a detectable signal via a label on a secondary reaction
antibody. These labels include fluorescent moieties (Gervais and Delmarche,
2009, Zimmermann et al., 2009), enzymes (Bhattacharyya and Klapperich,
2009, Hatakeyama et al., 2009), or paramagnetic particles (Kiely et al., 2007,
Eveness et al., 2009). Electrochemical immunoassays (ECIA), however, are
promising alternatives to the existing immunochemical tests (Fowler et al.,
2008), due to their robustness, simplicity and inexpensive fabrication,
sensitivity and accuracy. The basis of electrochemical biosensors utilises a
measurable electric current signal when the target antigen binds to the
antibody pre—attached on the electrode surface.

Microelectrodes are widely used in ECIA, where their applications are
developing due to the increasing demands for in situ electroanalytical
measurements from living cells. Carbon fibre microelectrodes (outer diameter
= 8 um) were first used by Pujol and colleagues to measure the oxidation of
several neurotransmitters in vitro (Ponchon et al., 1979) and in neostriatum of
rat in vivo (Gonon et al.,, 1978). The benefits of carbon fibres are primarily
owing to their biological compatibility, non—toxic and good electrochemical
properties, as well as their well-characterized electrochemistry (Michael and
Wightman, 1996). In addition, carbon fibres are cheap and readily available
and the small physical dimensions cause less tissue damage, compared with

larger conventional electrodes.

The aim of this chapter was to develop a novel CK-MB microsensor,
using ferrocene—carboaldehyde (Fc—CHO)-conjugated CK-MB antibody
linked to the surface of the carbon fibre microelectrode. The concentration of
CK-MB could then be determined by electrochemical means, via the

oxidation of ferrocene tethered on the CK—MB antibody.
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8.1. Fabrication of carbon fibre microelectrode

Carbon fibre microelectrodes were fabricated and prepared as described
in Section 2.12.1 (Figure 2.21). Due to the brittleness of the carbon fibre,
separation of an individual full length of fibre from a fibre bundle can be a
challenging task. Only 50 % of the glass capillaries made contained a carbon
fibre after being pulled using a micropipette puller, the reason being that not
all the aspirated carbon fibres were sufficiently long to cover the full length of
capillary, and the carbon fibre was sometimes pulled out from the glass
capillary. Moreover, fragility of the glass housing material posed great
difficulty in handling and manipulation of the microelectrodes. The fine—end of
the microelectrode was very delicate and could be easily broken; all

electrodes were handled with great care.

CycV and SWYV scans were run in PBS for all the microelectrode prior to
each experiment (Section 2.12.4). Current was able to pass through the
microelectrodes, indicating that there was a good connection between carbon
fibre, graphite powder and the wire. A microelectrode can be used repeatedly
by transecting the carbon fibre tip, exposing new surface for CK—MB antibody
attachment (Bruns, 2004).

197



8.2. Serial measurement of CK-MB

Fc—-CHO was attached to CK—-MB antibody as previously described in
Section 2.12.2 (Okochi et al., 2005) and immobilized onto the microelectrode
surface via 18 hours incubation at 4 °C (Section 2.12.3). Subsequently, the
microelectrode was washed with 0.1 % Tween 20 in PBS before incubating in
PBS (pH 7.4) for 10 minutes and CycV as well as SWV scans were
performed (Section 2.12.4). Incubation (10 minutes) and washing steps were
repeated for a series of CK-MB protein solutions with increasing
concentrations. The SWV scans obtained are shown in Figures 8.1. A and B.
A single current peak is present at potential of 0.25 V, corresponding to the
oxidation of antibody-tethered ferrocene into the ferrocenium cation. The
difference between the peak at 0.25 V and baseline current (Al) were
gradually decreasing with increasing CK—MB protein concentrations. A total
of 18 microelectrodes were tested of which 12 gave good responses (e.g.
Figure 8.1), two microelectrodes broke in the middle of experiments, and 4

only gave weak signals against CK-MB incubations.

The microelectrode in Figure 8.1.B was incubated in CK—-MB protein, 100
— fold more diluted compared to Figure 8.1.A, however it was interesting to
note that the current signal detected was 10 — fold greater. The antibody
binding sites on these microelectrodes were saturated at 1 and 0.01 ng/ml
CK-MB proteins in Figures 8.1.A and B, respectively, where their current
peaks diminished. Hence the experiments were stopped at these

concentrations.
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Figure 8.1. SWV scans of Fc—CHO-labelled microelectrode after incubation
in PBS (pH 7.4) and increasing CK—MB protein (0.001 — 1 ng/ml for (A), 0.01

— 10 pg/ml for (B)).

microelectrodes. N = 14

A and B
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The Al was calculated and plotted against the log of CK-MB protein
(Figure 8.2). Three individual calibration curves (C1l, C2 and C3) were
plotted and their profiles greatly differed from each other. The difference
observed is due, most probably to the difference in the surface area of each
microelectrode labelled with Fc—CHO. The peak current disappeared at 10
ng/ml CK-MB for C1 and 0.1 ng/ml for C2 and C3, indicating that C1 had a
greater surface area labelled with Fc—CHO-conjugated antibody, compared
to C2 and C3.

4.0

<
=
<

-4 -3 -2 -1 - 0 1 2
log [CK-MB concentration (ng/ml)]

Figure 8.2. Three independent CK—-MB protein calibration curves based on
SWV. C1, C2 and C3 represent three different microelectrodes following
serial incubation in CK-MB protein (from 1 pg/ml to 10 ng/ml).
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8.3. Microelectrode surface area determination

The surface area of each microelectrode was determined using the
Randles—Sevcik equation (Equation 5; Zanello, 2003). Three microelectrodes
of similar surface area were chosen for this experiment: C4 = 1.55, C5 =1.91,
C6 = 1.37 cm?. Following SWV scans, Als obtained from each experiment
were then normalised relative to their surface areas and plotted against the
log of CK—-MB protein (Figure 8.3). The peak currents diminished at the same
point, i.e. 2.5 pg/ml of CK-MB as expected given that the surface areas of
these microelectrodes for antibody adherence were similar. However, these
calibration curves still greatly deviated because the current differed largely in
each microelectrode, despite normalization of surface area. Therefore, one
microelectrode can only test one sample using an extrapolation method
(described in next section), in order to eliminate the differences between

electrodes.
a 12.0
y C6

B} 100 |
5

8.0
<
60 3
<
40 3

L 4
‘ & 0.0
-6 -5 -4 -3 Z -1 0
log [CK-MB concentration (ng/ml)]

Figure 8.3. CK—MB protein calibration curves with surface area normalisation.
C4, C5 and C6 represent three individual microelectrodes following serial
incubation in CK—MB protein (from 0.01 to 2.5 pg/ml).
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8.4. Testing sample of known CK-MB concentration by

extrapolation

A series of solutions with known CK—MB concentrations were tested as a
proof—of—concept. The CK—MB concentration of test sample was prepared at
1.5 pg/ml. After the Fc—CHO-labelled microelectrode was incubated in the
PBS, it was washed 0.1 % Tween 20 in 10 mM PBS and incubated in test
solution for 10 minutes, followed by addition of a small quantity (0.5 pg/ml) of
CK-MB protein to the test solution (Section 2.12.4). CycV and SWV scans

were then performed.

Five microelectrodes were prepared, of which only two produced a
responsive signal where the SWV scans and the peak showed the same
pattern as demonstrated in Figure 8.1. Figures 8.4.A and B are the two
independent calibration curves of CK—-MB concentration against Al. The
best—fit trendline and equation were displayed in each graph, and used for

calculation of the unknown concentration.

By applying the respective Y (Al) into the quadratic equations displayed in
each graph (electrode A: 0.4593 nA,; electrode B: 2.601 nA); the X (or CK—
MB concentration) can be calculated. Both the calculated Xs were close to
the actual X, i.e. 1.5 pg/ml (Table 8.2), indicating that this extrapolation
method gave acceptable data. These two microelectrodes represent
preliminary experiments to demonstrate the feasibility of the overall

experimental approach.
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Figure 8.4. CK-MB measurement of test sample of known concentration.
Data for A and B are from two independent microelectrodes.

Table 8.2. Comparison of actual and calculated CK—MB concentrations.

Figure 8.4 m- Calculated X (pg/ml) | Actual X (pg/ml)

Y =0.0361 X2-0.3194 X + 0.8617  0.4593 1.522
1.5
B Y=0.1359 X2-1.2693 X + 4.1116  2.601 1.399
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8.5. Testing sample of unknown CK-MB concentration by

extrapolation

This CK—-MB measurement protocol was applied to test an effluent sample
collected during heart tissue perfusion in a Generation 2 device at the 10™
minute. After incubation in the test sample, increments of 0.5 pg/ml CK-MB
were added to the test sample. A total of 3 microelectrodes were prepared,
but data was only obtained from two of these due to technical reasons. Data
in Figures 8.5.A and B were collected from two separate microelectrodes,
measuring the same test sample. The current peak diminished at different
point after the 4™ and 8™ measurements in Figures 8.5.A and B, respectively,
because these values were not normalized to their respective surface areas.
Table 8.3 shows the calculation of the CK-MB concentration according to
their respective quadratic equations. The heart tissue released an average

CK—-MB of 0.83 pg/ml at the 10" minute during the perfusion.

Table 8.3. Calculation of the CK—MB concentration.

Figure 8.5 m- Calculated X (pg/ml) | Average X (pg/ml)

Y =0.0273 X2—0.2438 X + 0.638  0.423 0.992
0.831
B Y =0.0018 X2—0.0617 X + 0.5141 0.474 0.670
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Figure 8.5. CK-MB concentration measurement of effluent sample. A and B

are data obtained from two independent microelectrodes.
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8.6. CK isoenzymes measurement using commercial
electrophoretic kit

Measurement of CK isoenzyme protein was performed using a
commercial electrophoretic kit (Section 2.12.6). Initially, serial dilutions of
CK-MB protein ranged from 0 to 1 ng/ml were prepared and loaded into the

gel. No band was visualised at any of these concentrations (data not shown).

A second run was performed for CK—MB concentrations ranging from 0 to
1000 ng/ml, and a duplicate rat serum samples. CK bands were only
observed in the rat serum samples (Figure 8.6), indicative of a lack of
sensitivity of the electrophoretic kit. The serum CK activity of rat was
approximately 280 IU/L (Kim and Chae, 2006). The sensitivity of the kit is 8

IU/L per band, but the conversion of IU/L to ng/ml was not specified in the Kkit.

CK-MB
concentration o 001 01 1 10 100 500 1000 Serum
(ng/ml) ¥

TITAN GEL [ CPK +

Figure 8.6. CK—MB concentration determination by electrophoretic kit.
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8.7. Discussion

A novel CK—-MB microsensor made up of carbon fibre housed in a
borosilicate capillary tube was constructed for this study. CK—MB antibody
was adhered onto the microelectrode electrodeposited  with
poly(oxyphenylene) insulating layer via a mediator, Fc-CHO. This
microsensor was able to detect decreasing current signal in response to
increasing CK—MB protein concentrations. Although the limit of detection
(LOD) and the range of linear calibration were not determined in this study,
the microsensor was able to detect the current change when the CK-MB
protein concentration was as little as 0.01 pg/ml in the PBS solution. The
CK-MB mass of an unknown sample was determined by incubating the
microsensor in the test sample prior to the addition of a series of small
amounts (0.5 pg/ml) of CK—-MB protein addition in the test sample, using an

extrapolation method.

Clinically, although CK-MB is a highly sensitive marker of myocardial
injury, its diagnostic specificity can be compromised when trauma of skeletal
muscle or extreme exercise is involved. In the microfluidic setting described
in previous chapters, a cardiac biopsy was excised from the body and rinsed
before placing into the perfusion device; hence the CK—-MB release detected
by the microsensor would solely determine the damage of the heart biopsy.
Construction of this sensitive CK—MB microsensor will therefore assist in the

diagnosis of myocardial injury ex vivo.

In the microfluidic setting that uses a small biopsy size, a much lower
concentration of CK—-MB is expected than in vivo under oxidative stress or
injury and possibly exceeds the LOD of most commercial kits. The sensitivity
of the electrophoretic kit used in this study can reach 8 IU/L per band, but it is
clear that the kit is insensitive in measuring CK-MB < 1 ug/ml, although the
conversion of IU/L to ng/ml was not clear. Additionally, the LODs for CK-MB
enzyme-linked immunoassays (ELISA) kits from Percipio Biosciences and
Tosoh Bioscience are 2.5 and 0.5 ng/ml, respectively. The effluent sample
taken at 10 minutes of perfusion had a mean CK—MB concentration of 0.83

pg/ml, which is below the LOD of these kits. Furthermore, it has been shown
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in Chapter 5 that the release of LDH from tissue sample was initially high but
the tissue injury was decreased to low level after the first hour of perfusion
(Figure 5.6.A), therefore CK—MB concentrations are expected to be lower
than 0.83 pg/ml as perfusion continues. Hence, the commercial ELISA kits
from Percipio Biosciences and Tosoh Bioscience were not be suitable for use
in the current study.

One of the benefits of current electrochemical detection methodology is
the speed and robustness in measurement compared with ELISA kits which
require more than an hour to generate results. In this study, the procedure
time involved 10 minutes of test sample incubation followed by < 1 minute of
SWYV scans. Although one microelectrode was only able to measure one test
sample, the microelectrode can be used repeatedly by transecting the carbon
fibre tip, exposing new disk for CK—-MB antibody attachment. The antigen

binding sites were fully occupied when the peak current at 0.25 V diminished.

Despite normalization of surface area, the calibration curves were greatly
varied. This is due, most likely to the fact that each microelectrode has
unique properties, such as the length of exposed carbon fibre and the
efficiency of insulation coating of the microelectrode. The thickness and
integrity of the insulating layer on the microelectrode are critical in the
production of a suitable microelectrode for applications in small environment
(El-Giar and Wipf, 2006). This can be controlled by standardizing the
deposition voltage and time. Deposition potentials below +4 V have been
shown to generate thin, non—homogeneous and non—protective insulating
layers, whereas potentials greater than +7 V produced thick, non—uniform but
protective insulation (El-Giar and Wipf, 2006). In addition, deposition times of
less than 3 minutes produced porous and non-insulating layers, when the
deposition potential was held at +4.3 V. The thickness of poly(oxyphenylene)
coating was approximately 2 um after 3 minutes of electropolymerization. In
this study, deposition was accomplished by applying potential of +4 V for 3

minutes versus a graphite rod (Amatore et al., 2008). At +4 V, the phenolic
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group on the 2-allylphenol was oxidized via a one electron and one proton
transfer, generating a phenoxy radical (Mengoli and Musiani, 1994). This free
radical then induced a step—growth polymerization, forming the
poly(oxyphenylene) film around the microelectrode. Subsequent studies will
determine the optimum deposition potential and time for carbon fibre
microelectrode, thereby enhancing the reproducibility in microsensor

construction.

Electrochemical signal is generated via the transfer of electrons at the
electrode. The redox centre of the enzyme (i.e. CK-MB) is usually shielded
by a thick protein shell, therefore the direct electron transfer between the
enzyme and electrode is very slow (Okawa et al., 1999). This limitation can
be overcome by using a redox mediator which assists in direct shuttling of
electrons between the microelectrode and a redox enzyme. There are many
redox mediators reported in the biosensor preparation, for example ferrocene
derivatives (Frasconi et al., 2009) and enzymes, such as HRP (Cai et al.,
2007, Lee et al., 2008), glucose oxidase (Wang et al., 2009, Chirizzi et al.,
2011) and alkaline phosphatase (Fanjul-Bolado et al., 2007, Centi et al.,
2010). HRP is the most commonly used electrochemical immunoassay
mediator. Although a CK—MB antibody conjugated with HRP pre—made by
the antibody supplier exists, the release of H,O, from the tissue as a result of
oxidative stress may lead to the interference in the redox processes of HRP,

giving inaccurate measurement of CK-MB.

In this study, Fc—CHO was used as mediator and attached to the IgG
antibody through Schiff—-base reaction as described previously (Okochi et al.,
2005). The antibody—immobilization protocols performed in this study are
also applicable to any antibody on different types of carbon electrodes.
Similar protocols have been employed in the laboratory, where dual Fc—
tagged, FITC—-labelled antibodies (mouse anti human CD 14 and anti human
interleukin  10) were immobilized on a gold—film electrode surface.
Fluorescence signals were exhibited, showing that the antibodies were

successfully immobilised onto the electrode surface and the crosslinking
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procedures were not interfering with the FITC—tag that was already present
on the antibodies (unpublished results by Dr Y. Dou).

A number of electrochemical biosensors have been fabricated to detect
total CK activity using different mediators and methods of enzyme
immobilization (Nagy et al., 1998 a and b, Cai et al., 2007, Liu et al., 2007).
An amperometric microcell used for total CK activity measurement was
established (Nagy et al., 1998a). The working electrode was made up of gold
plate electrode electroplated with a platinum layer, and reference electrode
was the Ag/AgCL. In their studies, two different reactions were investigated

for CK activity determination. In the catalytic action of CK at pH 6.7 (PCr +

ADP = creatine + ATP), the ATP produced reacts with glycerol under

glycerol kinase (GK) catalysis (ATP + glycerol = ADP + glycerol-3—P). Then
glycerol-3—phosphate (glycerol-3—P) was oxidised and yielded H,O,, under

catalytic action of glycerophosphate oxidase (GPO; Glycerol-3-P + O, =

dihydroxyacetone + H,0O5). In the second reaction, the creatine produced was

hydrolyzed by creatinase, liberating sarcosine (Creatine + H,O = sarconine +
urea). Subsequently, sarcosine was oxidized under the catalytic action of

sarcosine oxidase, generating H,O, (Sarcosine + H,O + O, = glycine +

HCHO + H,0,). The H,0O, production from these reactions was followed by
amperometric electrochemical microelectrode and the rate of the production
was proportional to the total CK activity. The biosensor with the GK catalytic
principle was more sensitive than that of the creatinase, with a higher

current—time transient after 2 yl serum sample was added.

A three—gold—electrode system was also developed for total CK
examination, fabricated by polyvinylpyridine—osmium—-wired horseradish
peroxidase (PVP—-Os—HRP) redox polymer film (Cai et al., 2007). The HRP

catalyzed the reduction of H,O, to water, and itself reduced by osmium (II)

that was converted to osmium (111) (H2O2 + osmium (Il) = H,O + osmium (111)).
The working electrode donates electrons to osmium (lll), regenerating
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osmium (Il) and hence producing a measurable electrical current (Yigzaw et
al., 2002). The amount of current generated at the electrode was proportional
to the CK activity. The same principle was also employed by Liu et al. (2007)
to produce a disposable biosensor where a highly active redox polymer
containing osmium (II/lll) was modified onto the working electrode, and
subsequently a trienzyme (HRP, GPO, and GK) complex was immobilized on

the biosensor.

Cai et al. (2007) have used ferricyanide (Fe(CN)¢>] as the mediator, in
comparison to PVP—Os—HRP. The glycerol-3—P was oxidised by GPO, while
Fe(CN)s> was reduced to ferrocyanide (Fe(CN)s"; Glycerol-3—P + Fe(CN)s*>

= dihydroxyaceone + Fe(CN)¢*). Electron donation from the working

electrode regenerated Fe(CN)s> and generated an electrical current. The
current flow occurred when Fe(CN)s> was oxidised on the working electrode
and the rate of current was proportional to the CK activity. They have
reported that the CK biosensor modified with Fe(CN)s> had a higher LOD
(100 U/L versus 10 U/L) than the one modified with PVP—Os—HRP.

However, the limitation of these previous biosensors was attributed to the
lack of specificity, which was different to the biosensor developed in current
study, specifically measuring CK—MB protein concentration. To date, no one
has employed 7 um carbon fibres as the working electrode; hence this study
presents a novel CK—-MB carbon fibre microsensor, which allows its
application and integration with the microfluidic platform in the future. The
fine tip of microsensor can be positioned adjacent to the heart tissue surface,
causing no physical tissue damage, to measure the CK—MB released from

cardiac biopsies.

In summary, a preliminary study for the rapid and sensitive ECIA
measurement of CK—MB concentration has shown that this microsensor was
able to detect the current changes with CK—MB protein concentration as little
as 0.01 pg/ml. Although additional work is still required to produce a reliable,
integrated sensing system, it has provided proof-of—concept in capturing

protein biomarkers and determination of concentration by electrochemistry.
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Chapter 9

Conclusion
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The work presented in this thesis described the heart tissue maintenance
and interrogation in two different microfluidic devices. A prototype PDMS
microfluidic device was first designed and fabricated followed by the
production of a more controllable and defined glass microfluidic chip. These
PDMS and glass devices were able to keep biopsies viable for 5 and 24
hours, respectively, which was considered sufficient as clinical heart biopsies
are usually preserved ex vivo for no longer than 4 — 6 hours (Ozeki et al.,
2007). Furthermore, these devices were subsequently used to study the
effect of myocardial IR injury on a series of stress and injury marker genes.
Since the biopsy perfused in the system was millimetres in dimension, it
allows direct in vitro analysis of primary clinical tissue. This proof of concept
device can be adopted for many types of tissue experimentation, potentially
leading to significant reduction and even replacement of animal

experimentations.

Cardiac remodelling against acute and chronic stress signalling is thought
to be due to the activation or repression of certain genes that encode
proteins which modulate cardiac contractility and structure (van Rooij et al.,
2006). Therefore, patients with different cardiac complications or disease
stages exhibit different patterns of gene expression, known as the gene
signature. Despite large—scale analysis giving huge amounts of information;
this is costly and involves significant investment in equipment. Simple, easy
to perform and cost effective methods for generating relevant gene
signatures are lacking, however, microfluidic devices could be an alternative
to identify and validate gene signatures, in an automated, real-time and
routine manner, either for diagnostic use, or in treatment monitoring during

the course of cardiac disease.

A novel CK—MB microsensor has also been described here, where CK—
MB protein concentration changes as little as 0.01 pg/ml could be detected
by electrochemical means. Further work is currently under investigation in the

laboratory to optimise the microsensor and further integrate with the existing
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Generation 2 glass chip, giving a real-time and sensitive on—chip CK-MB
measurement during the perfusion. Additionally, antibodies of other cardiac
markers or metabolites could be adhered onto microelectrodes via the same
method so that the response of the cardiac biopsy under stress and/or
pharmacological treatments can be assessed simultaneously, by placing a

number of these in series.

Mice and rats are the popular animal models in cardiovascular studies,
because they are cheap and relatively easy for creating transgenic models.
However, results obtained in these animals might not transfer to the human
system. For instance, large numbers of therapeutic drugs in clinical trials
have given disappointing results, even though successes have been found in
animal studies, e.g. vitamin E (Lassnigg et al., 2003, Vivekananthan et al.,
2003), and angiogenic cytokine protein (Zachary and Morgan, 2011)
treatments. The need for cardiac research on human biopsies can be
addressed by experimenting using these devices, with reduced reliance on
animal models. The application of these devices could be used in the clinical
setting for POC diagnostics. The enclosed Generation 2 perfusion system
can be set up near the cardiac operating theatre and the heart tissue biopsy
obtained from patients undergoing CABG surgery subjected to perfusion in
this system immediately following surgical resection, reducing the biopsy
transportation time and increasing the speed of analysis.

Increases in NHS expenditure appear to be a great concern. According to
the Department of Health—Spending Review 2010, total NHS spending was
£103.8 billion in 2010/11, £ 105.9 billion in 2011/12 and expected to increase
to £ 114.4 by 2014/15 (HM Treasury, 2010). However, the quality of service
remains ineffective and does not necessarily correlate with the total spending.
Patients with cardiac complications are often given different prescribed drugs
to control the course of disease, depending on the nature of their heart
problem and the presence of concomitant diseases (Muntwyler et al., 2004).
This is different for every patient. If the drug does not work or has unpleasant
side effects, other dosage or new drugs will be given. Such cycle may be

repeated until a suitable treatement is discovered. Apart from diagnosis,
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microfluidics is capable of aiding clinicians in treatment decision making.
Microfluidic devices could be used to determine the best medications (in term
of combination and dosage), with most beneficial effects and least
detrimental injury or side effects, tailored specifically for each patient, hence
offering an opportunity for individualized patient treatment (Higgins et al.,
2007). Raising national healthcare service (NHS) quality through the practice
of individualised or personalised treatment can generate savings in the long
term (Eddy et al.,, 2011), via early and effective treatment, substantial
reduction in the length of in—patient stays, and the number of clinic visits

required.

The long term vision of the current work is to carry out multiple, parallel
analyses on a single device (Figure 9.1), so that huge amounts of information
can be obtained from a single sample. The very first step, i.e. tissue
maintenance in an optimised device has been demonstrated here. While
continuously paced, the contraction of the tissue can be measured using a
miniaturised ultrasensitive force transducer. The release of cardiac
biomarkers or other metabolites can be captured by the relevant
electrochemical probes. In addition, cell lysis (Lu et al.,, 2005) and sorting
(Kang et al., 2008), on—chip DNA analysis (Ottesen et al., 2006),
fluorescence study (Huang et al., 2007) and flow cell analysis (Wang et al.,
2008) modules are available and these could be coupled with the current
microfluidic device, generating as much information as possible from a small
tissue biopsy. Miniaturization or downscaling of medical technologies has the
potential to take over the conventional methods by which patients are
diagnosed. Current POC diagnostic systems available in the market only
allow cardiac biomarkers measurement in blood or serum. However, the idea
proposed in Figure 9.1 would be particularly valuable and useful in assessing
clinical samples to generate large amounts of data and aid the clinician in
making the best therapeutic decision on patients, through a greater insight of
the biological basis of heart diseases. This will hopefully serve as a novel

platform technology for future cardiac research over the forthcoming decade.
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Schematic of a multi-functional analysis chip

A B
A — Kreb Heinseleit buffer
B — Collagenase * drugs
C — Tissue chamber + patterned electrodes + force transducer
D — Electrochemical probe ports
& D E — Lysis buffer module

F — Reverse transcription reagents

G — Polymerase chain reaction reagents
H — Chemiluminesence reagents
| — Fluorescence / confocal microscopy viewing

J — Flow cell analysis
@— Micromixer

* Push valves are present allowing separation of domains

o — 3cm

Figure 9.1. A proposed multi—functional analysis chip for heart tissue.
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Suppliers of chemicals, materials and equipment

Suppliers

Products

Abcam (UK)

¢ Creatine kinase—M/B protein (ab73649)

Alfa Aesar (UK)

¢ Polystyrene latex microspheres

AlfaLab (US)

e Direct current magnetometer

Bibby Sterilin (UK)

e Borosilicate capillary tubes

Bioanalytical Systems (UK)

¢ Ag/AgCI reference electrode

Bio—Rad Laboratories (US)

« Ethidium bromide (161-0433)

BioTek Instruments (US)

e Microplate reader

BOC (UK)

e Gaseous 95 % O,, 5% CO,

Bostik Findley (UK)

¢ Araldite adhesive

Charles River Laboratories
International (UK)

e Male sprague dawley rats

Creativematerials (US)

e Silver paste

Dow Corning Corporation
(US)

¢ SYLGARD®184 silicone elastomer kit

Edwards High Vacuum (UK)

e SPEEDIVAC coating unit (Model
12E6/1405)

Energas (UK)

e Gaseous N»

Eurofins MWG Operon
(Germany)

¢ PCR primers

GE Healthcare (Sweden)

¢ VVivaspin concentrators

Gilson (France)

¢ Minipuls3 peristaltic pumps

Grant Instruments (UK)

e Water bath

Harvard Apparatus (UK)

¢ Syringe pump (PHD 22/2000 series)

Helena Biosciences (UK)

¢ SAS—MX CK VIS-10 isoenzyme kit

Hopkin and Williams (UK)

e Graphite powder
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Suppliers

Products

Invitrogen (UK)

e Amplex red hydrogen peroxide assay
kit (A22188)

e Calcein, acetoxymethyl ester
(C3100MP)

¢ DNA ladder (15628-019)

o dNTP mix (18427-088)

e Moloney murine leukemia virus
reverse transcriptase kit (28025-013)

e Oligo (dT)15 primer (18418-012)

¢ Pluronic F-127 (P6866)

e RNaseOUT™ recombinant
ribonuclease inhibitor (10777-019)

e UltraPure™ agarose 1000 (10975-035)

Kemet International (UK)

e Polishing pads

Kinesis (UK)

e Ferrule (072655)

e Micro tight gauge plug 6—32” (P553)

e Nanoport assemblies headless 6-32”
coned (N-126H)

e Nanoport nut (F-126H)

e Nanoport reservoir assembly (N-131)

e PEEK tubings (1568)

Komodo (UK)

e Thermostat

Linkam Scientific Instruments
(UK)

e Hotplate
e MC 60 controller

Loctite (UK)

e Instant adhesive (Loctite 4850)

Martindale Pharmaceuticals
(UK)

e Cardioplegia infusion

Milipore Corporation (US)

¢ 0.22 um syringe driven filters

Nikon

e Inverted confocal microscope
(TE2000-E)

Norland Products (US)

¢ Norland optical adhesive

Omni International (US)

¢ Omni mixer homogenizer

PalmSens Instruments BV
(Netherland)

e Potentiostat

Pennine Industries (UK)

e Heat mat

Permabond Engineering
Adhesives (UK)

e Adhesive

Pharmacia Biotech (US)

e GeneQuant Il RNA/DNA calculator
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Suppliers

Products

Promega (UK)

¢ PCR mastermix (M7502)

QIAgen (UK)

e RNeasy fibrous tissue mini kit (74704)

Roche Diagnostics (UK)

« Cytotoxicity detection kit " (LDH)

Santa Cruz Biotechnology
(Germany)

¢ Creatine kinase—M/B rabbit polyclonal
IgG (sc—28898)

Sigma—Aldrich (UK)

e Dimethylformamide

¢ Ethyl(dimethylaminopropyl)
carbodiimide

¢ Ferrocene—carboaldehyde

e L—lactic dehydrogenase, from rabbit
muscle (L1254)

e Penicillin—Streptomycin solution
(PO781)

¢ Propidium iodide (P4864)

e Ruhex (lll)

e N—-hydroxysulphosuccinimide

e Miscellaneous chemicals

Silver Spoon (UK)

¢ Red food colouring

Spectroline Spectronics
Corporations (US)

e UV source

Sutter Instrument (US)

e Micropipette puller (Model P-97)

Syngene (US)

¢ Gene flash bio imaging system

TC Direct (UK)

e Dual input multi thermocouple type
indicator
e Type K thermocouple wire

SLS (UK)

e DNA thermal cycler

Thurlby Thandar Instruments

(UK)

e Programmable function generator

Veho (UK)

¢ VMS—-001 USB microscope camera

World Precision Instruments

(UK)

e Hotplate

Link Pharmaceuticals (UK)

e Sodium thiopentone

Zeiss

¢ Inverted microscope (Axiovert S100)
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Supplementary Videos

Short video clips are provided in the CD, showing the microbead
movement due to thermal convection and MHD (Videos 1 — 5; Chapter 7)
and contraction of tissues during perfusion within Generation 1 system

(Videos 6 — 9; Chapter 3). The conditions of each video are given below:

Perfusion/ Electrical Presence of Presence of
Static stimulation Ruhex magnet

Video 1 Static From 4 seconds

Video 2 Static v - v
Video 3 Perfusion \ - \/
Video 4 Static From 3 seconds v v
Video 5 Perfusion From 2 seconds N \
Video 6 Rat heart tissue perfused within Generation 1 system (Example 1)
Video 7 Rat heart tissue perfused within Generation 1 system (Example 2)
Video 8 Human heart tissue perfused within Generation 1 system (Example 1)
Video 9 Human heart tissue perfused within Generation 1 system (Example 2)
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