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ABSTRACT 

 

 Analysis of porcine cardiomyocytes using microfluidic devices can be a novel 

research technique to elucidate the mechanisms of cardiomyocyte apoptosis.  This 

research recreated ischemica by exposing the cell culture to hypoxic condition and 

reperfusion energy by exposing the sample to normoxic conditions.  

The early stages of apoptosis were confirmed in cardiomyocytes using 

Mitotracker Red (MTR) staining procedures.  An increased MTR signal was observed 

when cells were exposed to hypoxia and then normoxia, indicating higher levels of 

apoptosis during normoxia.  Human origin annexin-V was able to detect 

phosphatidylserine externalization in the porcine cell sample, but a more effective 

protocol needed to be developed for microfluidic analysis.  Caspase activation was 

measured using Bis (L-aspartic acid) rhodamine-110 (D2R), but no clear trend was 

observed among the treatments and control samples.  The major conclusions of this 

research indicated that stressed cells begin apoptosis in both ischemia (hypoxia) and 

reperfusion injury (normoxia).  
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BACKGROUND AND EXPERIENCE 

 Bio-analytical chemistry is the analysis of chemical properties of events in 

biological systems.  Cell analysis, a branch of bio-analytical chemistry, combines both 

microbiology and chemistry.  I have worked in my current lab for three years on 

lymphocyte chromatography, microfluidic device design, and cell analysis.  During this 

time, I was able to publish a co-authored, peer-reviewed paper in an American Chemical 

Society journal on lymphocyte separations using affinity chromatography.  I have 

received training from the TTU Department of Environmental Health and Safety, and I 

am qualified to perform the experiments in the proposed thesis under the guidance of my 

thesis director, Dr. Dimitri Pappas.  I have completed courses such as Analytical 

Chemical Methods, Principles of Microbiology, Immunology and Serology, and 

Pathogenic Microbiology that inform my thesis and give me a substantial academic 

background in the field of bio-analytical chemistry.  The Pappas Group has published 

nineteen publications in bio-analytical chemistry journals over the past five years, 

focusing on the study of cell analysis.  Dr. Pappas brings years of cell analysis experience 

gained at Texas Tech University, NASA, and the University of Florida. Dr. Pappas has 

also published a textbook, Practical Cell Analysis, outlining protocols and analytical 

techniques that will be applied to the experimental portion of this thesis.  When this thesis 

is completed, the results will hopefully also produce a publication in a scientific journal.  
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CHAPTER 1: INTRODUCTION 

1.1 Apoptosis  

The phenomenon of apoptosis has puzzled scientists for many years, and not all aspects 

of this biological process have been elucidated.  First proposed in the 1970s, the concept of 

apoptosis was not widely accepted until the 1990s.
1   

Apoptosis, or ―programmed cell death,‖ as it 

is commonly known in the scientific community, was first discovered in Caenorabditis elegans, 

a round worm commonly used as a model system for cellular analysis.  Subsequent research 

concluded that apoptosis was conserved among all mammals.
2   

Ding describes apoptosis as 

―critical for regulation of embryological development, immune cell growth, and controlled 

dismantling of cells with defective transit through the cell cycle.‖ 
3   

Consequently, apoptosis also 

plays a crucial role in maintaining tissue homeostasis.  Deregulation of this process has been 

correlated with cancer, autoimmune disease, and degenerative disorders.
4   

This cellular program 

can be considered to counter-balance the effect of cellular proliferation through mitotic division, 

since cells are lost and not gained during apoptosis.
5   

Apoptosis helps control cell numbers 

present in the human body and eliminates damaged and abnormal cells.  During this process, 

apoptotic cells experience changes that alert the other cells of the human body, such as those of 

the immune system, to dispose of it. 

1.2 Cellular Changes During Apoptosis 

Apoptotic cells can be characterized by morphological changes that distinguish these 

cells from healthy cells.  Apoptotic cells normally shrink and condense, due to the collapse of 

cytoskeletal elements.  The nuclear envelope dissembles and chromatin condenses into 

fragments.
1  

Chromatin condensation and fragmentation give apoptotic cells a characteristic 
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―half-moon,‖ ―horseshoe,‖ or ―dumb-bell‖ nucleus when observed by microscopy.
5
   The internal 

disruption of the cell causes the plasma membrane to bud and the cytoplasm to condense.  

Finally, apoptotic bodies form from cell fragments and one or more can be produced per cell.
5
  

The apoptotic phenotype generally includes cytoplasmic condensation, vacuolization, and 

fragmentation, while the cell attempts to maintain the integrity of the plasma membrane, causing 

a blebbing, or outpocketing, of the cell surface.
6
  The cell then begins to shed vesicles from 

within, essentially emptying its contents into the extracellular space.  At this terminal point, the 

cell has a shriveled appearance when observed by microscopy.  

1.3 Biochemical Changes During Apoptosis 

During apoptosis biochemical changes also occur. In the nucleus, endonucleases cleave 

DNA into fragments, normally 200 base pairs in length, which are characteristic of apoptosis and 

can be analyzed by gel electrophoresis.
1
  The plasma membrane also experiences change, 

specifically with respect to phosphatidylserine.  Phosphatidylserine is a negatively charged 

component of the phospholipid bilayer in the plasma membrane of the cell, which is normally 

located exclusively in the inner leaflet.
7
  In apoptotic cells, phosphatidylserine flips to the outer 

leaflet of the bilayer and signals a host immune response to clear the damaged cell.  Another 

indicator of apoptosis is the loss of mitochondrial potential across the inner membrane of the 

mitochondria, due to the release of proteins from the intermembrane space.  After the release of 

proteins, the mitochondria are capable of biochemical reactions that produce superoxide anions, 

or reactive oxygen species (ROS), that are toxic to the cell.
8
  This build up of toxic chemicals 

ultimately causes the reduction in cell volume that is characteristic of apoptosis.   
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1.4 Caspases 

Apoptosis relies on intracellular machinery to execute phases of the process.  Caspases 

are proteases with cysteine at the active site that cleave after specific aspartic acid residues.  

These proteases are synthesized by the cell as inactive procaspases that are activated by 

proteolytic cleavage by other active caspases, resulting in an amplification effect within the cell. 

This cleavage results in the formation of a small subunit and a large subunit from the single 

procaspase. 
2,8,9   

These subunits then reassemble to form a complex of two small and two large 

subunits.  Structural differences are present among the different types of caspases at the 

prodomain, causing diversity in function.
9
   The initiator caspases have caspase recruitment 

domains, or CARDs, that allow activation complex assembly.  When the procaspases are brought 

into proximity to each other, irreversible cleavage occurs, and the caspases are activated.
1
  

Activation can only occur through auto-activation or cleavage by another caspase,
5
 which 

ensures that the apoptotic process does not occur spontaneously within the cell.  Initiator 

caspases then activate executioner caspases that cleave target proteins within the cell, such as 

nuclear lamins, endonucleases, cytoskeletal elements, and adhesion proteins, with the ultimate 

goal of cell destruction from within (Table 1).  

 

CASPASE TYPE CASPASE NUMBER 

Initiator 2, 8, 9, 10 

Executioner  3, 6, 7 

Table 1:  Initiator and executioner caspases 
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1.5 Regulation of Apoptosis 

Regulatory proteins do exist within the cell to control the onset of apoptosis.  The Bcl-2 

familiy of proteins are located on the outer mitochondrial and nuclear membranes and have both 

pro-apoptotic and anti-apoptotic functions.  Haunstetter et al. found that the anti-apoptotic 

properties of Bcl-2 were due to an anti-oxidant effect, an inhibition of the release of pro-

apoptotic mitochondrial proteins, an inhibition of caspase activation, and an inhibition of the pro-

apoptotic bax protein.
5 

1.6 Pathways of Apoptosis  

Apoptosis, in its simplest definition, is cell suicide, since the cell dies from within when 

exposed to a stressor.  Two pathways dominate the mechanisms by which a cell undergoes 

apoptosis, the mitochondrial (intrinsic) pathway and the Fas (extrinsic) pathway.  The 

mitochondrial pathway is favored when the cell experiences some form of damage, such as 

exposure to UV radiation, hydrogen peroxide, or hypoxic conditions.
10

  The mitochondrial, or 

intrinsic, pathway relies on the release of mitochondrial proteins into the cytosol of the cell.  The 

loss of mitochondrial membrane potential, due to protein release, can be considered a marker for 

the earliest stages of apoptosis.
11 

  One such mitochondrial protein is cytochrome c, which 

normally resides in the electron transport chain in the intermembrane space of the mitochondria, 

and aids in the production of energy for the cell in the form of adenosine triphosphate (ATP).  

Cytochrome c is also responsible for mediating apoptotic signaling
2  

in the signal transduction 

pathways characteristic of apoptosis.
9
  Such proteins, like cytochrome c, are only released when 

the intrinsic pathway is engaged, and release of such proteins can track the progression of 

apoptosis.
12

   This release occurs because of the opening of the mitochondrial permeability  
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transition pore (PTP) at the beginning of apoptosis.
13,14

  Cytochrome c binds the procaspase-

activating adaptor protein, Apaf1, which then oligomerizes, or connects, into an apoptosome.  

This apoptosome then recruits procaspase 9, which is activated by the proximity to the 

apoptosome.  Active caspase 9 then activates downstream executioner caspases in the cascade to 

complete apoptosis.
1
  This pathway is energy dependent and relies on the presence of adenosine 

triphosphate, ATP, the common energy source for the cell, produced by the electron transport 

chain within the membrane of the mitochondria.
5 

The Fas pathway occurs when the ―death receptor‖ (Fas receptor) on the outer surface of 

the cell binds the Fas ligand.
15,16,17

  The Fas receptor is a transmembrane protein with an 

extracellular binding domain, a transmembrane domain, and an intracellular death domain.  The 

Fas ligand is normally found on cytotoxic lymphocytes of the immune system as well as other 

cell types.  The death domains of the Fas receptor recruit initiator procaspases, which activate 

executioner caspases, to complete the process of apoptosis.
18

  The two pathways of apoptosis 

ultimately work together after this signaling pathway begins.  Alberts best summarizes the 

connection between the extrinsic pathway and the intrinsic pathway, by stating that the extrinsic 

pathway must recruit the intrinsic pathway to amplify the cascade and kill the cell.
1
  Both 

pathways converge at the cleavage of procaspase 3 and subsequently activate the executioner 

caspases in the cascade.
 

1.7 Apoptosis and Analytical Methods 

Both mechanisms chemically alter the cell surface, and these changes can be examined by 

analytical methods.  An indicator of early stage apoptosis is caspase activation.  The Fas pathway 

of apoptosis is characterized by the activation of caspase 8, while the mitochondrial pathway is 
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characterized by the activation of caspase 9.  Both pathways converge at the activation of the 

executioner caspases, namely caspases 3, 6, and 7.  Rhodamine-110 is a highly fluorescent probe 

that is commonly used to tag caspases.  Bis (L-aspartic acid) rhodamine-110 (D2R) is a cell 

permeant, non-fluorescent probe, which is then cleaved into rhodamine-110 upon interaction 

with caspases in a two-step process.  The cleaved dye is retained in the cell and fluoresces when 

analyzed by microscopy.
7
  The fluorescence can be monitored over time as the number of 

apoptotic cells increases, but as cells die caspase activity decreases and consequently, 

rhodamine-110 fluoresence decreases over time.
19

  

The Hoechst 33342 stain is commonly used to monitor viable cells in sample. 
20

  This stain is 

used quantitatively to analyze viable cells by indicating the DNA content within cells.  Apoptotic 

cell analysis commonly relies on the Hoechst stain to distinguish necrotic cells from live or cells 

actively proceeding through apoptosis, since only viable nuclei are stained.  Nuclei morphology 

can also be visualized using the Hoechst stain, which can indicate internal changes during 

apoptosis analysis.  

An indicator of mid- to late-stage apoptosis is phosphatidylserine externalization.
21

  This 

event can be visualized by annexin-V staining.  Annexin-V is a calcium-binding enzyme that has 

a high affinity for phosphatidylserine.
7
  Due to the high affinity for phosphatidylserine, both 

internal and external molecules are stained in the process.  To distinguish apoptotic, dead, and 

live cells a viability stain is commonly used in cellular analysis.  A commonly used fluorogenic 

probe is 7-aminoactinomycin D (7-AAD), which stains the nucleic acids of cells with 

compromised membrane integrity.  Cells that stain positive for both 7-AAD and annexin-V are 

dead, since membrane integrity has been compromised.  Healthy cells stain negative for both 

dyes, since the membrane is not permeable to either of the dyes.  Apoptotic cells stain positive 
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for annexin-V, but negative for 7-AAD, since only externalized phosphatidylserine will be 

visualized.  

 Fluorogenic probes, such as 2',7'-dichlorodihydrofluorescein diacetate and carboxy-2’,7’-

dichlorodihydrofluorescein diacetate are used to measure excess reactive oxygen species (ROS) 

in intact cells.  These probes are cleaved into their fluorescent forms after they cross the cell 

membrane.  Antioxidants, such as pyruvate, can reduce the amount of the ROS in the cell 

culture.
22

  

1.8 Microfluidics and Cell Culture  

 Cell culture is a useful analytical method in cellular behavior studies.  Cells can be exposed 

to different culture environments, while physiological and pathological responses can be 

observed during analysis.
24

  A microfluidic device mimics other culture methods, but these 

devices allow for more complex analysis.  Pappas states, ―(microfluidic) devices are complex 

systems capable of cell culture, introduction of reagents, cell processing, and analysis.‖ 
7   

The 

fluid volume of such devices is normally less than 1 mL, allowing for smaller volumes of 

reagents and less waste produced by the cell culture.  Consequently, longer analysis time is 

possible since the environment inside the device can be controlled and manipulated to fit the 

needs of the research.  Polydimethylsiloxane (PDMS) is a polymer commonly used to make 

microfluidic devices.  According to Liu et al., ―PDMS is biocompatible, non-toxic, exhibits 

thermal stability, has high gas (oxygen and carbon dioxide) permeability, low water 

permeability, and optical transparency.‖ 
24

  PDMS allows for gas exchange across the surface of 

the membrane, while replenishing the gas present in the cell culture, and allowing for longer 

analysis as well.  Most importantly, PDMS devices allow for in situ analysis with high 

sensitivity, since the same cells can be tracked over extended periods of time. 
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1.9 Low-Shear Mass Transport Microfluidic Devices 

 Long-term analysis relies on the health of the cell for extended periods of time.  Medium 

flow in and out of a channel with cells creates a shear force within the device.  By using a low 

shear design, cells can remain under less stress for longer periods of time, and be analyzed for 

extended time periods.  Liu et al. described a diffusive transport system that reduced shear stress 

by creating a side channel and well from the main flow channel.
24

  The cells were cultured in the 

well, and medium flowed from the main channel (Figure 1).  This side channel method was 

effective for both adherent and suspended cell types, and flow allowed for the transport of both 

nutrients to the cell culture and waste from the culture well.  Decreased shear force created 

optimal conditions for long-term analysis.  

 

 

 

 

Figure 1: PDMS device used by Liu et al.
24

, made from aluminum molds and sealed to a glass 

microscope slide.  The cells are shown in green and medium flow is illustrated with the forward 

and backward arrows.  
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1.10 Primary Animal Cells   

 Primary cells are ideal model systems for analytical methods.  These cells are usually 

harvested directly from the model animal and cultured in a laboratory setting for analysis.  

Primary cell lines have retained cell function, in vivo morphology, and no change in protein 

expression.
7
   Since these cells share so many characteristics with in vivo cells, they are the 

closest cell type available for analysis.  For highly developed cells such as myocytes, pancreatic 

beta cells, and rods or cones from the eye, there are no immortalized cell lines that retain in vivo 

functionality.  However, these cells have a limited shelf life and usually last only 9-12 days after 

extraction from the tissue.
7 

 A common cell line for apoptosis studies is the Jurkat cell line.  Jurkat cells are 

lymphoblats extracted from the blood of a human T-cell lymphoma patient, and have been sub-

cultured continuously over time.  This cell line is a common control culture in complex apoptosis 

studies.
7
  

1.11 Cardiomyocytes 

 Cardiomyocytes, or cells that comprise the cardiac muscle are terminally differentiated 

cells that are not normally replenished by the human body.
4
  These cells are normally removed 

from an animal donor for analysis and the cells are cultured.  Cardiomyocytes have a high-

energy requirement, since they have one of the highest densities of mitochondria of all 

mammalian cells
4
, so a supplemented medium with high levels of glucose, such as RPMI 1640 

or DMEM media, is needed to maintain the cells in culture.  These mediums contain salts, amino 

acids, vitamins (biotin, folic acid, B-12), glucose and pyruvate for energy.
7
  The cells remain 

viable for approximately 9 to 10 days under laboratory conditions.  In culture, the cells exhibit a 

rod-shape and retain contractile ability, but these attributes are lost after the 9 to 10 day period.
7
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1.12 Cardiomyocyte Apoptosis 

 Like other cells capable of apoptosis, cardiomyocyte expression of bcl-2 family of 

regulatory proteins has been confirmed by immunnohistochemistry.
5
  The presence of regulatory 

proteins suggests that heart tissue uses apoptosis as a method for development of the different 

aspects of heart anatomy.  Programmed cardiomyocyte cell death is suggested to be important 

for septal, vascular, and valvular formation in the heart.
5
  Unwanted apoptosis has also been 

correlated with heart disease and tissue damage during ischemia and reperfusion injury.  

1.13 Ischemia and Reperfusion Injury  

 According to the Centers for Disease Control and Prevention, 1.1 million people suffer 

from heart attacks every year in the United States, with approximately a 50% mortality rate.
25

  

During an attack, cardiac ischemia, or the restriction of blood supply to the heart muscle, can 

occur.  Ischemia causes damage to the tissues that can later cause dysfunction.  Ischemia creates 

hypoxic conditions for the tissue, since a decrease of oxygen occurs and an imbalance of 

myocardial oxygen demand and supply develops.
26

  After ischemia, reperfusion injury can 

follow.  Reperfusion is the return of the blood supply to the heart that can also cause tissue 

damage.  Reperfusion injury occurs when the muscle is deprived of oxygen and nutrients and 

then circulation suddenly returns.  This sudden return of circulation causes the inflammatory 

response and oxidative damage due to the production of the reactive oxygen species by damaged 

cells.  Ischemia (hypoxia) and reperfusion (reoxygenation) result in extreme altered redox states 

to create oxidative stress within the localized area.
27

  The heart is an aerobic organ and relies on 

the efficient oxidation of substrates for energy.  Change in the environment of the organ creates 

an imbalance that may cause subsequent damage and disease.  Both ischemia and reperfusion 

injury result in the apoptosis of cardiomyocytes and later can result in damage to the organ.
4 
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 Cardiomyocytes have also been shown to be more susceptible to apoptosis in earlier stages 

of hypoxia and may follow a different course than undifferentiated cells studied previously.  The 

mitochondrial pathway of apoptosis causes the cell loss in ischemia and reperfusion injury, since 

the pathway is susceptible to hypoxia caused by ischemia and oxidative stress during 

reperfusion.
4, 28

  Hypoxia also causes the disruption of the mitochondrial electron transport chain 

and oxidative phosphorylation needed to produce ATP for energy, essentially depriving the cell 

of energy.
27 

  Ischemic cardiomyocytes exhibit impaired sodium ion channels in the cell 

membrane.  These ion channels remain open, causing a rapid increase in intracellular sodium 

ions.
29 

 As a result of this ionic imbalance, the sodium/calcium ion exchanger protein is 

activated, causing an increase in intracellular calcium.  These ionic imbalances contribute to loss 

of membrane intergrity and morphology.  Buja et al. described ischemic cardiomyocyte injury as 

an alteration in fluid or electrolyte levels, loss of potassium and magnesium ions within the cell, 

accumulation of water, acidosis, cytoplasmic and organellear alteration, plasma membrane 

blebbing, and margination of nuclear chromatin.
30

   These changes observed during ischemia are 

characteristic of apoptosis in other cells as well and indicate the onset of the process in 

cardiomyocytes.  It has also been suggested that the threshold for reversible to irreversible injury 

relies on the extent of damage to the plasma membrane and influx of ions that damage the cell.  

Buja et al. state, ―Membrane damage to ischemic myocytes is the basis for the diagnosis of 

myocardial infarction by pathology laboratory and nuclear cardiology methods.‖ 
28

  The level of 

apoptosis in cardiomyocytes has also been implicated in the transition to irreversible tissue 

damage and early stages of heart failure. 
3 
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1.14 Significance  

 Results from this experimentation will help to elucidate the mechanisms of apoptosis 

during ischemia and reperfusion, and possibly aid in the development of new treatment strategies 

or new targets for drug design.  This novel research will expand on previous experiments 

performed on whole hearts,
26

 help us to understand the effects of a heart attack on the cellular 

level, and hopefully aid physicians and scientists in treating their patients and preventing tissue 

damage that can cause side effects or complications in the future.   

1.15 Thesis  

 It is believed that reperfusion may increase cellular metabolism, oxidative species, or 

both to accelerate the process of cell death.  The results from this research will determine if 

apoptosis is due to oxidative stress, if the process begins during ischemia and is completed 

during reperfusion, or if a mixture of both conditions contributes to cardiomyocyte loss.  The 

main hypothesis for this research is that reperfusion will accelerate apoptosis and late-stages of 

the process will be observed under these conditions.  

1.16 Methodology  

Microfluidic device design: 

  A modified polydimethylsiloxane (PDMS) polymer microfluidic device was designed to 

control oxygen content to create hypoxic conditions during ischemia within the system (Figure 

2).  Aluminum machined molds created the same design for all polymer devices and also allowed 

for microscopic designs that could not be achieved otherwise.  The PDMS pre-polymer and 

curing agent (linking agent) were mixed in a 1:10, curing agent to pre-polymer, mass ratio.  This 

mixture was then degassed for 30 minutes in a vacuum to remove any bubbles that could 

interfere with microscopic analysis of the cell culture within the well.  The uncured polymer was 
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then poured into the molds and cured in an 80°C oven for 30 minutes.  The machined molds 

were modified to include injection portals for cell loading.  

Once the polymer was cured, the excess polymer was cut and the modified well was 

sealed to a microscope slide using an oxygen plasma sealer.  The cured PDMS had a channel 

0.25 mm high, 0.5 mm wide, and 1.5 cm long.  To allow for efficient cell, medium, and dye 

loading in the device, glass capillaries (200 m inner diameter) were added to the mold design.  

More uncured PDMS was then used to seal capillary entrances and the device was placed once 

more into the hot oven for curing.  Two channels, placed in opposite directions, were used for 

this research. 

 

 

Figure 2: Modified PDMS device design, based on the work of Liu et al.
24 

 This design uses two 

devices on one microscope slide, one for cell culture and analysis and the other for monitoring 

hypoxia within the device.  
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Device validation: 

Concentrations of carbon dioxide and oxygen were tested within the culture using 

fluorescent indicators in a channel neighboring the cell culture channel as previously described.
31  

The device was filled with a ruthenium-based dye, 250 M tris (4,7-diphenyl-1,10 

phenanthroline) ruthenium (II) dichloride, that fluoresced when the device was deprived of 

oxygen.  The fluorescence of the dye increased with increasing oxygen deprivation.  The design 

allowed for both decreased and increased oxygen concentrations to mimic ischemia and 

reperfusion within the device.  The dye was used to measure concentrations as well as monitor 

the time for the concentration to change within the device.  The double well design allowed for 

simultaneous analysis of both the oxygen sensing fluorescent dye and the cell culture in the 

neighboring well.   

Cardiomyocyte cell harvesting: 

 Cardiomyocytes were harvested from a porcine animal model from the Texas Tech 

University Department of Animal and Food Sciences Meat Laboratory by Dr. Ki Young Chung. 

The pig model will serve as the closest animal model to a human heart because of the difficulty 

of attaining human heart cell culture specimens for experimentation. These hearts were harvested 

under a teaching IACUC approval, and standard USDA guidelines were followed.  A digestion 

media was first prepared using Earle’s Balanced Salt Solution (EBSS), Type II collagenase, 

bovine serum albumin, and one dose of antibiotics.  Plates were then coated with Matrigel 

Basement Membrane Growth Factor to allow for cell attachment.  The heart was removed from 

the harvested pig and placed in a solution of 500 mL phosphate buffered saline (PBS) with three 

doses of antibiotics to reduce contamination.  The excised muscle was placed in a Petri dish 
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containing EBSS and one dose of antibiotics.  Mincing scissors were used to mince the heart 

tissue.  Then the minced fraction was placed in the digestion media under shaking conditions for 

40 minutes at 20 rpm.  The suspension was filtered through a nylon membrane to remove excess 

tissue.  Next, the cell fraction was centrifuged and the supernatant, or liquid fraction above the 

cell fraction was discarded.  The cell pellet was centrifuged at 4x gravity for 5 minutes in a 

solution of EBSS and one dose of antibiotics.  The supernatant was discarded and the cell pellet 

was resuspended in 10% fetal bovine serum (FBS), Dulbecco’s Modified Eagle Media (DMEM) 

and one dose of antibiotics.  These primary cells were then placed in Matrigel treated flask and 

incubated at 37
o
C under 5% CO2 concentration.  

Cell culture within the device: 

Previous work has demonstrated that PDMS culture devices are capable of long-term culture, 

reagent delivery, and analysis in many cultured cell lines.
24

  Cardiomyocytes were harvested 

from a pig model as previously described and cultured within the device.  The device was first 

coated with Matrigel Basement Membrane Growth Factor overnight to create an ideal surface for 

the cells to attach to.  Cells were then loaded into one well of the device and connected to a 

syringe pump constantly supplying fresh nutrient (DMEM) medium to the cell culture.  The 

device was connected to the pump using Teflon tubing and an insulin syringe.  The pump speed 

was set at 1.00 mL/hr to allow replenishment to the cell culture.
24

  Cardiomyocytes are naturally 

adherent cells, and cells were found to require 2 to 3 hours for effective attachment to the glass 

surface (Figure 3).  Cells were able to be cultured in the PDMS device for extended time periods, 

up to 12 hours without any bubble formation to affect the cell culture.  
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Figure 3: White light image (20x magnification) of cardiomyocytes within the PDMS just after 

cell loading, but before attachment. The scale bar respresents 0.5 mm.  Cells have not yet formed 

the characteristic rod-shape, but do so after the attachment period. 

 

 

Hypoxia induction within the cell line: 

Hypoxia was first induced within a test culture, the Jurkat lymphocyte cell line, before 

experimentation was done on the cardiomyocyte cell line.  A small polycarbonate box (Figure 4) 

was manufactured at the TTU Chemistry Department Machine Shop to fulfill the needs of this 

research.  The box was approximately twice the size of the device on the glass slide and had an 

inlet gasket to flow gas into the chamber, as well as a small outlet for waste products.  This inlet 

was connected by rubber tubing to a large gas tank, with a gas flow regulator, to provide the 

chamber with a constant pressure of gas over the device.  The device was loaded with the cell 

culture in one well and the ruthenium-based dye in the neighboring well and then placed on the 
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microscope stage for experimentation.  A nitrogen tank was connected to the system to displace 

all atmospheric oxygen and induce hypoxia within the device.  

 

Figure 4: Polycarbonate box created to house the PDMS device and induce hypoxia within the 

cell culture.  The gas inlet allowed for nitrogen gas flow to displace the oxygen and induce 

hypoxia.  A small outlet was created to avoid increased pressure within the box.  

 

 

Images were taken at 4x magnification for the indicator well.  Fluorescence of the dye 

was monitored using Image J software, available from the National Institutes for Health (NIH). 

A 20x magnification objective was used for Jurkat and cardiomyocyte imaging.  Both cell 

cultures were tested using 1 M Mitotracker Red (MTR) and Hoechst 33342 (0.5 g/mL) 

fluorescent stains.  MTR was used as a test fluorescent probe since the dye indicated the initial 

phases of apoptosis, ensuring that cell death and hypoxia was occurring within the device (Figure 

5a).  The Hoechst stain was used to visualize the nuclei of cardiomyocyte cells during the 

apoptotic process (Figure 5b).  The cells were stained, incubated, and washed with PBS before 

being cultured within the device well to reduce background interference in microscopic analysis.  

Cells were under hypoxic conditions for a maximum of 3 hours and then exposed to normoxic 

conditions for 2 hours. The cell culture devices were placed inside of an incubator and removed 
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to take images for control experiments.  Images were taken every hour during the experimental 

time. The exposure times were 3 ms and 75 ms for Hoechst and MitoTracker Red, respectively.  

 

a  b  

Figure 5: Mitotracker Red stained cardiomyocytes (20x) (a).  Cells undergoing apoptosis will 

fluoresce white and slowly become dimmer toward late-stage apoptosis.  The scale bar (in white) 

represents 0.5 mm.  Hoeschst stained cardiomyocytes (20x) (b).  The nuclei of the cells 

fluoresces a bright white, while the rest of the cell remains dim.  

 

 

Annexin-V time-lapsed imaging: 

 A dye solution of annexin-V and 7-AAD was made to monitor the externalization of 

phosphotidylserine as well as cell viability in the hypoxic cell culture.  The solution was made of 

200 L of a 1:10 dilution of annexin staining buffer and 20 L of annexin-V.  Cells were 

cultured within the device and stained every hour during the experimental time for 20 minutes, as 

dye was slowly introduced within the channel.  The exposure time for annexin-V was 5 ms and 

10 ms for 7-AAD. 
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Caspase detection: 

 A rhodamine-110 fluorescent dye, D2R, was used along with microscopy to examine the 

progression of apoptosis in the hypoxic cell culture.  A 10 M solution of D2R in PBS was used.  

Rhodamine-110 monitored both caspase activity and activation over the experimental time.  

Cells were incubated with PFG medium, which contained PBS, FBS (110 L per 1 mL of 

solution), and glucose (2 mg per 1 mL of solution), to reduce the background signal for 

fluorescence measurements as well as maintain viability within the channel.  The sample was 

exposed to hypoxia for 3 hours and then normoxia for 2 hours.  Cell samples were stained for 

one hour prior to imaging, at the second hour of hypoxia. The exposure time was 100 ms. 

1.17 Materials  

 Polydimethylsiloxane pre-polymer and its cross-linking agent, used in the fabrication of 

microfluidic devices, were purchased from Ellesworth Adhesives.  Glass microscope slides were 

obtained from VWR International and glass capillaries were purchased from Polymicro.  For 

cellular analysis, sterile PBS (pH=7.4), MTR, Hoechst 33342, and 7-AAD stains were obtained 

from Invitrogen. Annexin V-PE and its staining buffer were obtained from Southern Biotech.  

The fluorogenic probe D2R was purchased from the American Peptide Company. 

 Jurkat T-lymphocytes were cultured in RPMI 1640 medium (HyClone) and supplemented 

with 10% FBS and penicillin/streptomycin.  DMEM medium was also obtained from HyClone 

and used to culture cardiomyocytes in a flask coated with Matrigel (BD Biologicals).  

An insulin syringe (BD Biologicals) was used to transfer the cells onto the chip for analysis.  

The flow chip was connected to a 29-gauge needle by 30-gauge Teflon tubing (Small Parts).  

Flow from the syringes was controlled by a syringe pump from KD Scientific.  
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An inverted microscope (IX71, Olympus) was used to obtain images of the cell wells.  For 

fluorescence imaging, a 100-W Hg (mercury) lamp was used with the appropriate filters for 

Annexin V-PE, 7-AAD, and D2R.  All images were taken at 20x magnification for cell studies 

and 4x for imaging of the oxygen concentration ruthenium dye.  A 12-bit CCD camera recorded 

all images during experimentation (Orca-285, Hamamatsu).  Images were processed using Image 

J software (version 1.41). 

1.18 Literature Review 

The most basic theory of this research lies in the fact that the mitochondrial pathway of 

apoptosis is favored when a cell is exposed to some form of damage.  Davis et al. showed that 

such damaging conditions for activation of the intrinsic pathway could include ultraviolet 

radiation, hydrogen peroxide exposure, and hypoxic conditions.
10

  By using a nitrogen tank to 

displace the atmospheric oxygen concentration within the microfluidic device, it is believed that 

the intrinsic pathway could be engaged within a cell culture.  To validate the hypoxic conditions 

within the microfluidic device, an early-stage event was used to determine the effectiveness of 

hypoxia during the initial experimentation.  Shapiro et al., Chen et al., and Dabrowski et al. 

determined that loss of mitochondrial membrane potential was one of the earliest markers of 

apoptosis using MTR probes to indirectly measure release of cytochrome c. 
13,32,11  

Proteins such 

as cytochrome c are only released during the induction of the intrinsic pathway of apoptosis, as 

demonstrated by Roberg et al.  Thus, the effective release of cytochrome c during hypoxia can be 

deemed as an indicator of the activation of the intrinsic pathway of apoptosis.
12

  

The intrinsic pathway of apoptosis was also found to be active during the reoxygenation 

of a cell culture in vitro.  Kang et al. studied the location of cytochrome c during the 
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reoxygenation stage of experimentation and found the protein to be located mainly at the 

periphery of the cell membrane and no longer co-localized with the mitochondria when 

visualized using an MTR probe.  Release of cytochrome c peaked at 6 hours of reoxygenation, 

along with the amount of activated caspase 3 and 9.
27

  Therefore, both hypoxia and subsequent 

reoxygenation are capable of producing apoptosis in cell culture.  

Morphological changes within a cell culture also indicate the activation of apoptosis.  

Santore et al. exposed lung epithelial cells to 0% oxygen concentrations and found increased cell 

death and morphological changes after caspase 3 activation.
14

  Kang et al. similarly exposed 

cardiomyocytes to hypoxic and reoxygenated environments and examined morphological 

changes by microscopy.
27

  Healthy cardiomyocytes exhibited a rod-shaped appearance with an 

intact membrane, while apoptotic cardiomyocytes became more rounded with blebbed 

membranes.  The mitochrondria in these cells became dispersed throughout the cell, with some 

of the mitochondria present in the membrane blebs.  Dispersed cytoskeletal elements as well as 

chromatin condensation and fragmentation were also observed.  As expected, morphological 

changes determined late-stage to end-stage apoptosis.  

To analyze different stages, different probes are needed to track the progression of 

apoptosis.  Chen et al., demonstrated that positive staining for annexin-V, membrane potential 

loss, ROS, and caspase activation were all markers for apoptosis.
32

  Van England et al. 

concluded that positive annexin-V staining was an indicator of mid-stage apoptosis.
21

  Annexin-

V positive staining can indicate this stage of apoptosis since mid-stage cells characteristically 

externalize phosphatidylserine.  Reif et al. used annexin-V time-lapsed imaging to monitor 

apoptosis within a Jurkat cell culture. It was demonstrated that phosphatidylserine externalization 

and annexin-V binding is time dependent. The surface area of phosphatidylserine increased over 
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time and, consequently, annexin binding increased as well.  This linear relationship of annexin-V 

and phosphatidylserine contributed to increased fluorescence over time.
33 

Analysis of caspase activity relies on the use of non-fluorescent uncleaved probes that only 

fluoresce once cleaved.  These probes are non-fluorescent until the caspase-specific recognition 

site is cleaved, producing a fluorescent signal.  Reif et al. used L-bisaspartic acid rhodamine 110 

to monitor caspase activity in intact cells by fluorescence microscopy.  Rhodamine 110 binds 

caspases reversibly and was continuously introduced into the system to allow the cells to produce 

more fluorescent dye over time.  A maximum signal was observed at 6 hours in apoptotic cells 

and apoptosis could be tracked over time.
19

 

 ROS production has been previously linked to cell apoptosis, and specifically 

cardiomyocyte apoptosis.  Mallet et al. found that pyruvate increased cardiac contractility and 

myocardial energy states, and provided protection from ischemia-reperfusion injury.
22

  A similar 

study found that while pyruvate did increase cardiac output, the myocardial oxygen demand did 

not increase and the heart’s energy reserves were not depleted. 
23  

 The maintenance of 

myocardial oxygen demand further increases the probability of pyruvate functioning as a 

therapeutic agent, since further damage to the heart tissue is prevented.  Experimental pyruvate 

therapy has also been shown to aid patients recovering from bypass surgery, cardiopulmonary 

resuscitation, myocardial stunning, and cardiac failure to prevent tissue necrosis by apoptosis. 
22

   

The incorporation of microfluidics with cellular analysis provides a controlled 

environment for the cell culture, precise measurement and analysis, and manipulation of cell 

culture by the introduction of reagents or nutrients.  Pappas et al. described the use of 

microfluidic devices as cell culture integrated with chemical analysis.
7
  Liu et al. used a similar 
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microfluidic device to culture endothelial cells for 96 hours under a 1 mL/hr flow rate of fresh 

nutrient medium.
24

  This low-shear device showed that high cell viability could be attained for 

long-term analysis.  Also, cell positions were not disturbed and nutrient diffusion occurred 

within 20 minutes of flow.  Apoptosis studies have also been incorporated in this growing field 

of analytical chemistry and cell biology.  Wu et al. were able to detect caspase activity outside of 

the cells tested using a microfluidic device.
34

  Electron microscopy and other more complex 

methods were no longer the only method for detecting biological processes within cells, and this 

novel approach can be used to attain precise measurements as well.  Similarly, Takahasi et al. 

were able to measure the oxygen concentration within a cell culture by using a fluorescent 

indicator in a neighboring channel.
35

  This study illustrated the fact that indirect methods could 

be used to analyze cell samples because of the homogeneity within the microfluidic device.  

Hypoxia and reoxygenation have also been produced in vivo.
36

   Previous studies indicated that 

precise control of gas content is possible within a microfluidic system, and a similar design was 

employed to control oxygen concentrations within the device.
37,38,39

  

 Using these past protocols and analytical methods, other aspects of apoptosis, such as 

annexin-V imaging, caspase activity, and ROS measurements, can be analyzed with the use of 

microfluidics.  Apoptosis has been implicated as a common death pathway for all cell types, and 

cells such as cardiomyocytes are also susceptible.  Ottaviani et al. showed that apoptosis in heart 

disease is the most common mechanism of cardiomyocyte loss and subsequent heart failure.
40

 

Both ischemia and reperfusion injury result in the apoptosis of cardiomyocytes and can later 

result in damage to the organ.
4
  Cardiomyocyte loss from long-term, low-grade hypoxia, and 

oxidative stress can later contribute to heart failure.
3
  Apoptotic cardiomyocytes have also been 

previously observed in end-stage human heart failure.
3
  Similar cardiomyocyte loss can also be 
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observed in patients with congenital heart disease, severe anemia, asphyxiation, and carbon 

dioxide poisoning.
26

  Long-term ischemia can lead to myocardium necrosis, but reperfusion 

injury ultimately causes apoptosis and subsequent cell loss.
28

  This cell loss ultimately creates 

atrophy of the ventricle tissue of the heart and allows for the progression of heart disease.
3
  To 

stress the importance of myocardial health and function, Kang et al. state: ―Because the amount 

of myocardial damage in patients with ischemic heart disease is the most important determinant 

of morbidity and mortality, limiting the loss of cardiomyocytes during oxidative stress will have 

important therapeutic implications.‖ 
27 

 Previously, apoptosis has been studied in animal models 

of ischemia,
34

 but cardiomyocytes are becoming increasingly popular in the research community 

as models for heart disease.  This research incorporated the use of microfluidic systems for 

chemical analysis of cell cultures.
7
  With novel device designs, it is possible to create conditions 

for ischemia and reperfusion in the device with the cardiomyocyte culture and directly assay the 

cells.  While the mechanisms of cardiomyocyte apoptosis are not fully understood, exploring the 

steps in the process of programmed cell death could lead to the development of new treatments 

to prevent cardiac muscle necrosis.  

 Both ischemia and reperfusion injury are known to cause damage to the myocardium, but 

reperfusion injury presents more of a challenge when treating patients suffering from heart 

disease.  Most treatments for cardiovascular disease focus on the restoration of blood flow and 

nutrients to ischemic tissue, but the mechanisms of apoptosis need to be known for effective 

treatment and prevention of tissue atrophy.  French et al. best summarized this treatment 

situation: ―The treatment of acute coronary syndromes is designed to enhance myocardial 

perfusion, diminish myocardial oxygen requirements, and preserve myocardium through 

stabilizing myocardial metabolism.‖ 
41

  But, the restoration of blood flow to ischemic tissue may 
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induce reperfusion injury.  Machado et al. observed an increase in apoptotic cardiomyocytes in 

reperfused cardiac tissue, but they could not account for this phenomenon.
42

  Many other studies 

have shown that the greatest amount of cardiomyocyte loss due to apoptosis occurs during the 

reperfusion stage of experimentation. 
4,5,27,28

  Gill et al. found that reperfusion was required for 

DNA fragmentation, restoration of metabolic processes needed for progression of the caspase 

cascade, and the restoration of ATP to complete apoptosis.
4  

Thus, there is a great need to 

understand the mechanisms of cardiomyocyte apoptosis in cardiovascular disease in order to 

provide the best treatment options to patients.  

Nitrate therapy has long been used as a method to control cardiac episodes in patients 

with chronic heart disease.  Organic nitrates such as nitroglycerin (glyceryl trinitrate), isosorbide 

dinitrate, and isosorbide mononitrate are most commonly used.
43

  These treatements cause 

vasodilation, or the expansion of blood vessels in the heart, to restore blood flow to the tissue 

and lower myocardial oxygen requirements.  An interesting dilemma occurs during this 

treatment scenario because the restoration of blood flow is essentially reperfusion, which can 

later cause injury to the tissue.  Previously, an animal model illustrated that the administration of 

nitroglycerin caused an increase in ROS production, but the tissue was salvaged with 

simultaneous antioxidant therapy.
43 

  This mechanism, however, has not been elucidated and 

remains a mystery.  A common antioxidant used in cardioprotective therapy is pyruvate.  

Pyruvate is a natural metabolic intermediate in mammalian cells that is present in small amounts 

in blood plasma.
23  

Current treatments rely on the addition of exogenous pyruvate to sustain 

myocardial contractility.  Pyruvate therapy has also been favored due to pyruvate’s ability to not 

increase myocardial O2 requirements or deplete the tissue’s energy reserves.
23 
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 This research aims to replace previous experimentation done on whole animal hearts and 

to simplify the analytical process for cardiomyocyte apoptosis research.  Once cellular 

mechanisms of cardiomyocyte apoptosis are fully elucidated, different clinical approaches can be 

developed to aid physicians trying to salvage cardiac tissue after a cardiac episode.  Results from 

these experiments could provide more accurate drug targets, change the use of therapeutic 

agents, and provide insight to a heart attack at the cellular level.   
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CHAPTER 2: EXPERIMENTAL SECTION 

2.1 Device Validation   

 Since a ruthenium-based dye was used to validate hypoxic conditions within the PDMS 

device, a manner of quantifying the fluorescence was needed to measure the oxygen 

concentration within the device.  This dye is quenched, or has decreased in fluorescence 

intensity, in the presence of oxygen.  Ruthenium-based dyes rely on collisional quenching, which 

occurs when an excited fluorophore is deactivated by contact with the quencher, another 

molecule in solution.  In the Stern-Volmer equation (Figure 6), where kq is the bimolecular 

quenching constant, 0 is the unquenched lifetime, and [Q] is the quencher concentration.  I
0

f is 

the initial intensity of the solution (i.e. 0% oxygen) and If  is the intensity at [Q] concentration. 
44

  

This equation measures how much of the dye has been converted into its fluorescent form, and 

consequently, what percentage of oxygen is present within the device.  

 

I
0

f   = 1 + kq0  [Q] 

If 

 

Figure 6: The Stern-Volmer equation  

Tris (4,7-diphenyl-1,10 phenanthroline) ruthenium (II) dichloride (Figure 7) normally has 

a maximum excitation wavelength (λmax) at 455 nm and will decay to become less fluorescent 

over time after this threshold has been reached. 
45
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Figure 7: Tris (4,7-diphenyl-1,10 phenanthroline) ruthenium (II) dichloride 
42 

The device was placed under hypoxic conditions and the intensity of the ruthenium-based 

dye was tracked over time.  The oxygen concentration quickly dropped to near 0% within 30 

minutes of hypoxia by N2 gas flow (Figure 8).  We were, therefore, able to produce hypoxia 

within the device in short time frame for further experimentation.  

 

 

Figure 8: Oxygen concentration versus fluorescence intensity ratio.  As the fluorescence ratio 

approaches a 1:1 ratio (increasing fluorescence of the ruthenium-based dye), the oxygen 

concentration decreases to <1%. 
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2.2 Morphological Characterization of Apoptotic Cardiomyocytes 

 Cells were loaded into both a device undergoing hypoxia and another control device.  

Cells in the control group exhibited a typical morphology (rod-shaped) and remained mostly 

adherent to the device.  Apoptotic cells exhibited different morphologies that changed as they 

were exposed to increasing hypoxic conditions.  The cells experienced hypoxia for 3.5 hour and 

then were exposed to atmospheric oxygen (normoxia) for 1 hour.  Cells that had a rod-shaped 

appearance were deemed ―attached,‖ (Figure 9a) while cells that did not have a rod-shaped 

appearance were deemed ―healthy, but unattached‖ (Figure 9b).  Apoptotic cells included those 

cells that had a blebbed membrane and granular appearance in the cytoplasm (Figure 9c).  Those 

cells that could not be placed into one of these categories were not computed in the final 

percentages, since the cells may have been going through a transition phase of apoptosis at the 

time of image capture (Figure 10).  Necrotic cells were also excluded from the analysis, since 

these cells have already gone through all stages of apoptosis before death.   

 

a b c  

Figure 9: a) A healthy attached cardiomyocyte in the PDMS device, which exhibited 

morphology similar to cells in a culture flask.  b) A healthy, but unattached cell, which exhibited 

a round morphology.  c) Apoptotic cells with membrane blebbing and a granular cytoplasm.  
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Figure 10: Morphological analysis.  The percentage of apoptotic cells increased over time as the 

cardiomyocytes were exposed to hypoxia and subsequent normoxia.  

 

As cells remained in hypoxic conditions longer, they experienced more morphological 

changes that were characteristic of apoptosis.  Cells began to have a blebbed membrane, while 

others had apoptotic bodies at the edge of the membrane.  More apoptotic cells were found after 

the cells were exposed to both hypoxia and normoxia.  Morphological analysis of the hypoxia 

followed by normoxia sample revealed that 65.91% of the total cells analyzed were apoptotic.  

Also, cells lost their ability to attach to the surface over time, and these cells became rounded.  

The 0 hour sample had 8 attached cells, while the 1 hour normoxia sample did not show any 

attached cardiomyocytes (Table 2).  Previously, the disengagement and rounding of attached 

cardiomyocytes has been linked to damage during hypoxia
6
, and further testing on the 

mechanisms of apoptosis could possibly confirm this phenomenon.  

 

 

 



 
 
31 

Hypoxia 

Time (hrs) Healthy Cells Attached Cells Apoptotic Cells Total Cells 

0 23 8 2 44 

1.5 22 2 14 61 

2 11 1 15 37 

3.5 6 2 25 47 

Normoxia 

Time (hrs) Healthy Cells Attached Cells Apoptotic Cells Total Cells 

1 5 0 29 44 

Table 2: Representative morphological analysis including healthy cells, attached cells, and 

apoptotic cells.  

 

2.3 Mitochondrial Membrane Potential Studies  

 To determine the earliest stages of apoptosis within the cardiomyocytes, the MTR stain 

was used to indicate the loss of mitochondrial membrane potential, the earliest stage of 

apoptosis.
7  

 The Hoechst 33442 stain was used to indicate the presence of cardiomyocyte nuclei.  

Image J software measured the mean intensity of individual cells in each of the images from the 

experimental time.  Healthy cells were expected to have high MTR fluorescence, since MTR is 

first co-localized with the mitochondria before apoptosis.  The cells were then expected to 

become dimmer as apoptosis occurred, since MTR is released into the extracellular space.  Cells 

with fluorescence intensities below 200 were considered apoptotic.  

 Hoechst stained cells experienced little photo-bleaching and constantly provided clear 

images of cardiomyocyte nuclei during the experimental time.  This stain allowed for a clear 

representation of cells with intact nuclei, distinguishing necrotic from live or apoptotic cells.  

The Hoechst stain also provided some insight to the internal morphological changes during 

apoptosis.  Since only the nucleus of a cell is stained in this process, morphology of the nucleus 

can also be analyzed.  Normal nuclei, as observed in cells before hypoxia and in the control 
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sample, had a rounded shape and were restricted to an area of the cell (Figure 11a).  Apoptotic 

cells had nuclei of varying morphologies, but two of the most prevalent were the ―half-moon‖ 

and ―dumb-bell‖ shapes (Figure 11b and 11c).  These nuclei had a more diffuse appearance and 

were no longer restricted to one area of the cell.  Hoechst-positive cells were then analyzed using 

the MTR stain to track loss of mitochondrial membrane potential.   

 

a b c  

Figure 11: a) A normal nuclei visualized by the Hoechst stain, which had a localized rounded 

appearance.  b) A ―half-moon‖ nuclei, which had a more diffuse appearance.  c) A ―dumb-bell‖ 

nucleus with a segmented appearance.  

 

MTR staining revealed that the 0 hour cell samples had a high frequency of cells 

fluorescing in the 300-400 mean intensity range, as well as high frequencies in the 400-500 and 

>500 ranges.  These intensity ranges indicated that the cells contained a large concentration of 

MTR within the cell.  The 1 hour hypoxia cell sample began to show the effects of apoptosis and 

had a dimmer intensity response.  These cells had an increased 200-250 intensity frequency, 

indicating that some of the MTR dye was beginning to diffuse into the extracellular space as the 

mitochondrial membrane became depolarized and lost potential, causing a decreased MTR 

intensity.  At 2 hour hypoxia, the cells began to show the lowest fluorescence intensity, with 

frequencies increasing in the 100-200 intensity ranges.  Three hours of hypoxia yielded similar 

results as the 2 hour hypoxia sample, but a major change was observed at 1 hour normoxia.  The 
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restoration of atmospheric oxygen caused the cells to release more of the MTR stain and resulted 

in most cells (92.31%) fluorescing in the 100-200 intensity range (Figure 12).  Most of these 

cells had intensities below 200 and were considered to be apoptotic.  

 

Figure 12:  Intensity of fluorescence (If) for MTR stained cells (0-3 hr hypoxia and 1 hr 

normoxia) versus percentage of cells exhibiting the specific intensity range.  

 

 Control samples were not exposed to hypoxia and experienced normoxic conditions for 

the whole experiment time.  The 0 hour control fluoresced at higher intensity ranges, with 

26.96% of the cells having a mean intensity greater than 500.  The 1 hour sample did show a 

decrease in the 400-500 and >500 intensity ranges, while the 2 hour sample did not show any 

cells in these ranges.  The 3 hour sample indicated that most cells (63.83%) had a mean intensity 

in the 200-250 range and were, therefore, not considered apoptotic (Figure 13). 
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Figure 13: Intensity of fluorescence (If) for MTR stained cells (0-3 hr control) versus percentage 

of cells exhibiting the specific intensity range.  

 

 The changes in fluorescence could also be observed when examining whole images of the 

cells.  The 0 hour images showed bright MTR fluorescence (Figure 14A c).  As the cells were 

exposed to longer periods of hypoxia, the fluorescence of MTR decreased over time from 0-3 

hour (Figures 14A c, f, i, l).  Under normoxia, the cells became the dimmest of all of the images 

and are barely visible in the surrounding medium (Figure 14B o).  The Hoechst stain did not lose 

fluorescence over the experimental time, despite being exposed to the mercury lamp for 

excitation (Figures 14A and 14B b, e, h, k, n).  The control sample, however, did not have a 

visible decrease in MTR fluorescence over the experimental time (Figure 15A b, e and 15B k, n).  
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 a        b         c 

 

d       e         f 

 

g        h          i 

 

j       k       l 

Figure 14A: Representative images of cardiomyocytes cultured under hypoxia at 0 hours  

(a-c), 1 hour (d-f), 2 hours (g-i), and 3 hours (j-l) in the device.  A decreased MTR fluorescence 

was observed over time (c, f, i, l).  
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m        n      o 

Figure 14B: m-o represent cardiomyocytes under normoxia for 1 hour.  There was no significant 

change in Hoechst fluorescence intensity over time (b, e, k, n).  A decreased MTR fluorescence 

was observed (o) after the restoration of atmospheric oxygen.  

 

 

a    b    c 

 

d    e    f 

Figure 15A: Representative images of cardiomyocytes cultured under atmospheric oxygen 

concentrations at 0 hours (a-c) and 1 hour (d-f).  There was no significant change in Hoechst 

fluorescence intensity over time (b, e).  MTR fluorescence was maintained over time, with only a 

slight decrease observed. (c, f).  
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g    h    i 

 

j    k    l 

 Figure 15B: Cardiomyocytes cultured under atmospheric oxygen for 2 hours (g-i) and 3 hours 

(j-l) in the device.  Hoechst (h, k) and MTR (i, l) fluorescence remained constant throughout the 

experimental time. 

 

 

2.4 Annexin-V Time-Lapsed Imaging  

 To quantify the externalization of phospatidylserine to the outer cell surface, annexin-V 

was used.  The fluorescent probe that is readily available is a human origin annexin-V probe. 

Because of the suspected issues with porcine cardiomyocyte incompatibility, a preliminary 

experiment was conducted to test the compatibility of the reagents used in device culture studies. 

The cardiomyocytes were allowed to attach to the surface of a Petri dish overnight and then 

incubated with staurosporin to induce apoptosis.  The control dish was not induced and just 

incubated with cell culture medium.  After the induction time (3 hours), the cells were stained 

with annexin-V and 7-AAD and then analyzed.  Porcine cardiomyocytes were found to be 



 
 
38 

compatible with both reagents, and the externalization of phosphatidylserine was observed 

(Figure 16).  The cells and reagents could be used for analysis within the microfluidic device 

used for MTR experiments.  

 

a b  

Figure 16: Cardiomyocyte attached to the surface of a Petri dish at 40x magnification.  The scale 

bar (in white) represents 0.25 mm (a).  The same cell stained positively for annexin-V (b). 

 

2.5 Caspase Detection  

 Caspase activation can be considered a signature of the onset of apoptosis and can be 

monitored by measuring the cleavage of D2R after the cells are exposed to a stressor. 
19

  

Microscope images were analyzed by Image J software to determine the mean fluorescence 

intensity of D2R positive cells within the device, similar to the MTR experimental data.  

Preliminary experimentation showed that the PFG medium and D2R have a high background 

fluorescent signal; therefore, any background was subtracted in the intensity calculations (Figure 

17).  Cells were stained after 2 hours hypoxia, so the background signal could be reduced and 

apoptosis could be tracked from end of hypoxia through normoxia.  
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Figure 17: Cardiomyocytes stained with D2R at 10x magnification.  A high background signal 

was observed and subtracted from the intensity calculation.  The scale bar in white represents 

0.25mm. 

 

 D2R staining within the microfluidic device did not illustrate the expected mechanism of 

apoptosis (Figure 18).  Subtraction of the background signal revealed that the control sample 

produced the highest D2R signal, with the average mean intensity of fluorescence at 21.24 

counts.  The 3 hour hypoxia sample produced the highest signal, at 23.16 counts.  The 3 hour 

hypoxia and 1 hour normoxia sample produced a reduced signal at 19.61 counts.  The signal 

further declined to 16.58 counts in the 3 hour hypoxia and 2 hour normoxia sample.  There was 

no significant statistical difference between the control sample and the 3 hour hypoxia sample, 

indicating similar results for the different treatments.  
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Figure 18: Average mean intensity of fluorescence for D2R stained cardiomyocytes under 

control, hypoxic, and normoxic conditions.  The 3 hour hypoxia sample showed the highest 

fluorescent signal, while the lowest signal was observed at the 3 hour hypoxia and 2 hour 

normoxia sample.  
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CHAPTER 3: INTERPRETATION OF RESULTS 

3.1 Morphological Analysis  

 The results from this experimentation indicated that hypoxia was able to produce 

apoptosis in cardiomyocytes.  Changes in cellular morphology, such as membrane blebbing and 

apoptotic body formation, were indicative of apoptosis.  Though the earlier stages of apoptosis 

were not clearly visible in this analysis, since most changes during early-stage apoptosis are 

internal, the morphological analysis was able to detect late-stage apoptosis.  

Another important factor to consider with this study is the loss of attachment from the 

Matrigel surface.  At the beginning of the experimental time period, many cells were attached to 

the surface and had the characteristic rod-shape, similar to cells in flask culture.  When cells 

detached from the surface, they experienced changes in cytoskeletal composition as well as 

changes in membrane proteins that caused cell detachment.  Over time, the cells became rounded 

and then detached from the surface.  Following detachment, the cells began to show membrane 

blebbing and apoptotic body formation.  Cells also developed a granular cytoplasm after 

experiencing blebbing.  Some cells did complete the process of apoptosis and became necrotic 

and died.  These cells were not accounted for in the analysis since they had lost cellular integrity 

and were no longer proceeding through apoptosis.  

The highest frequency apoptotic cells was observed after the cells had been under 

hypoxic conditions and then exposed to normoxia.  This apoptotic frequency may indicate that 

some cells began apoptosis during hypoxia and then completed the cellular program once oxygen 

was restored.  This result correlates with the hypothesis that reoxygenation, or the restoration of 

any nutrient the cell requires, allows the cell to complete apoptosis. 
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Morphological analysis was able to confirm apoptosis within the cell sample, but the 

different stages of apoptosis could not be distinguished.  

3.2 Mitochondrial Membrane Potential and the Early Stages of Apoptosis 

Hoechst stained cells were able to confirm nuclei morphologies that were previously 

observed in cells.
5
  This change in nucleus morphology can confirm internal changes within the 

cell, such as cytoskeletal disruption or loss of nuclear membrane integrity.  Both the half-moon 

and dumb-bell morphologies were confirmed in various cell samples, indicating that the 

apoptosis was causing these changes within the cell.  

The results of the MTR experimentation indicated that hypoxia correlated with 

cardiomyocyte apoptosis.  The cells in the device showed high fluorescence intensity initially, 

indicating healthy cells before hypoxia.  As hypoxia continued, apoptotic cells increased in 

frequency.  Both the end of the hypoxia (3 hour) and normoxia (1 hour) samples showed a 

significant decrease in intensity of fluorescence when compared to the control sample.  While a 

slight decrease in fluorescence was observed in the control sample, none of the cells fell below 

the 200 intensity threshold to be considered apoptotic.  Also, the control sample was able to 

maintain some cells in the 400-500 and >500 ranges, indicating the presence of many healthy 

cells in the device.  We can conclude that hypoxia affected the progression of apoptosis of the 

cells within the microfluidic device.  

While the graphs of MTR fluorescence analyze precise detail of the individual cells 

during experimentation, analysis of whole images can provide some insight to the trends 

observed by individual cells.  The 0 hour hypoxia and 1 hour normoxia images best illustrate the 

changes in fluorescence over time.  The cells at 0 hour hypoxia show high MTR fluorescence, 
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while those at 1 hour normoxia are barely visible.  These results illustrate the decrease in MTR 

fluorescence due to MTR leaking into the extracellular space during apoptosis.  This decrease in 

fluorescence can be correlated with an increase in apoptotic cells.  

MTR fluorescence analysis confirmed that hypoxia was able to induce apoptosis within 

the cell sample since mitochondrial membrane potential was lost.  Longer exposure to hypoxia 

did affect the cell sample and reoxygenation increased frequencies of apoptotic cells.  While 

early-stage apoptosis was found within cell cultures, later stages could not be distinguished.  

3.3 Annexin-V Time-Lapsed Imaging and Phosphotidylserine Externalization 

The human origin annexin-V probe was found to be compatible with the porcine 

cardiomyocytes, facilitating the progression of this research project.  The externalization of 

phosphatidylserine was observed in the preliminary experiment, as seen with cardiomyocytes 

staining positively for annexin-V after induction.  However, a high concentration of the probe 

was required to obtain significant fluorescent signals.  Also, the microfluidic device used in this 

research requires a flow rate of 1 mL of solution per hour of experimentation in order to maintain 

conditions within the device, sustain cell viability, and properly stain the cells.  And, because this 

experimentation requires long-term analysis (approximately 8 hours including sample 

preparation), too much reagent was required for the duration of the experiment.  

New protocols and methods will need to be developed as an effective and efficient 

method to continue phosphatidylserine externalization analysis.  Despite these setbacks, porcine 

cardiomyocyte apoptosis was observed through the death receptor pathway, and 

phosphatidylserine externalization was detected using the annexin-V fluorescent probe.  
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3.4 Rhodamine-110 and Caspase Activation 

 D2R fluorescence did not indicate any significant difference among the control of 

experimental treatments.  The fluorescent signal in the control sample indicated caspase 

activation, more so than the 3 hour hypoxia and 2 hour normoxia sample, which experienced 

more stress than the control.  Also, the control sample showed similar D2R signals to the 3 hour 

hypoxia sample.  Preliminary experimentation predicted the increase in fluorescent signal, as 

cells became more apoptotic, and consequently activated more caspases under the experimental 

conditions.  The pattern observed in the sample seemed to counter this prediction, and a high 

initial D2R signal was observed, with a decreasing signal after reoxygenation under normoxia.  

The high background signal, present in most images, can also indicate a high degree of leakage 

into the extracellular space.  This leakage could possibly indicate more end-stage apoptotic cells 

in each of the samples.  

 New probes and protocols will need to be used to address this discrepancy in results.  A 

new medium, such as indicator-free DMEM, might possibly be used to lower the background 

fluorescence.  Also, various concentrations of D2R solutions can be employed to obtain the 

optimal signal intensity for analysis.  
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CHAPTER 4: CONCLUSIONS AND FUTURE STUDY 

4.1 Major Conclusions of Research 

 The major conclusions of this research indicate that stressed cells begin apoptosis in both 

ischemia (hypoxia) and reperfusion injury (normoxia).  Microfluidic devices were able to replace 

previous experimentation done on whole hearts.  More research can now be done on a single cell 

layer of cardiomyocytes, removing the added difficulty of acquiring the whole heart.   

Reperfusion injury, simulated by hypoxia within the microfluidic device, and reperfusion injury, 

simulated by normoxia, induced the mitochondrial pathway of apoptosis.  Staining with MTR 

clearly indicated a trend of apoptosis activation within the hypoxia phase and completion during 

the normoxia phase.  A decrease in MTR signal was observed compared to the control sample 

that remained relatively constant.  Phosphatidyl serine externalization was observed through the 

death receptor pathway, but a more cost effective method of staining over a long time period 

needs to be developed for further analysis.  Caspase activation was not clearly observed using 

D2R staining methods.  An increased D2R signal was observed at the start of the experimental 

time period, decreasing over time.  

4.2 Problems in Experimental Design and Possible Solutions  

 The major complications in this research lie in the harvesting and supply of porcine 

cardiomyocytes.  A single harvest can yield cells sufficient for many experiments, but there is 

always a chance of cell lines crashing after many sub-cultures.  A possible solution to this 

dilemma is replacing cells often to ensure that the cells retain in vivo characteristics.  Primary 

cells do share many characteristics with in vivo cells, but they also add complications for 

scientific research.  Primary cells can be incompatible with some chemicals, media, or 
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fluorescent dyes.  Incompatibility with these analytical tools could possibly halt the research 

process or force the course of the study to diverge elsewhere.  

 Ideally all probes and stains could be used at the same time for real-time imaging of the 

different stages of apoptosis.  Details, such as medium requirements, possible photo-bleaching, 

and cell line incompatibility, would have to be in agreement for this scenario to be possible. 

Also, since a constant flow of solution is required for diffusion of probes into the cell culture 

cell, a large amount of material is needed for all experimentation.  For future application of other 

probes, perhaps a different method can be developed to lower the expense of materials.  

 Some probes proved to be problematic during the experimentation, such as the annexin-V 

and D2R probes.  Further optimization is needed for the application of these probes into primary 

cardiomyocytes cultured within a microfluidic device.  Preliminary experiments were conducted 

on cells cultured in a Petri dish and induced with staurosporin, which activates the external 

pathway of apoptosis.  The conditions within the microfluidic device provide the cell samples 

with a different environment, and complications for effective staining and analysis could arise.  

Such problems can include any internal fluorescence in the PDMS microfluidic device, the 

nature of the primary cell line, and insufficient reagent concentration delivery within the culture 

well.  

4.3 Future Applications of Research  

 In the future, more precise oxygen concentrations could be obtained using methods 

previously described.  Skolimo et al., dissolved an oxygen sensitive dye into a polymer similar to 

PDMS and cured the polymer, which was used to measure oxygen concentrations within a flow 

bacterial biofilm system. 
46

  A similar method can be used with a ruthenium-based dye and 
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PDMS.  This approach would reduce the possibility of photo-bleaching, since the dye is sensitive 

to light exposure in solution but less so in a cured polymer.  This method would allow for more 

precise concentration calculations since the dye remains in a more stable state within the 

polymer.  Precise oxygen concentrations could then be correlated more effectively with different 

stages of apoptosis within the cell sample.  

 In the future, ROS measurements can also be calculated using similar conditions as those 

outlined in this thesis.  Fluorogenic probes, such as 2',7'-dichlorodihydrofluorescein diacetate 

and carboxy-2´,7´-dichlorodihydrofluorescein diacetate can be used to measure excess ROS in 

intact cardiomyocytes.  These probes are cleaved into their fluorescent forms after they cross the 

cell membrane.  Pyruvate can also be used as an anti-oxidant to study the effectiveness of such 

compounds in preventing oxidative stress and apoptosis.  This method can also be used to 

elucidate the timing of ROS release when cardiomyocytes are under stress.  

The main problem with annexin-V staining in this study was the amount of reagent 

needed to stain the cell effectively sample for analysis.  In our lab, we are currently in the 

process of designing yet another microfludic device, in hopes of reducing the expense of analysis 

on cardiomyocytes.  This novel design would possibly incorporate mass transport, but deliver the 

staining solution more directly into the cell culture well.  

Extended hypoxia or normoxia studies will be conducted in the future so as to better 

understand apoptotic mechanisms in cardiomycotes.  These studies can help clarify which 

conditions cause the cells the most stress and induce the most apoptosis.  We are currently 

exploring apoptosis in cells exposed to longer periods of normoxia after a short hypoxia period.  

Results from these experiments will provide a clearer picture of what the cells experience at the 

different stages of stress.  



 
 
48 

4.4 Endnotes 

 The work from the mitochondrial membrane potential and early stages of apoptosis 

section of this thesis were published in the Royal Chemical Society’s prestigious journal The 

Analyst under a special issue.
47

  The Pappas Group along with members of Dr. Chung’s lab were 

able to collaborate on this publication.  The graduate student from Dr. Pappas lab working on 

some aspects of this work, Grishma Khanal, was designated first author followed by Dr. Chung, 

myself, and Dr. Bradley Johnson from Dr. Chung’s lab, and Dr. Pappas.  This manuscript was 

accepted on January 3, 20011, and published shortly thereafter.  
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