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Abstract 

 

Development of a Bioreactor Imaging System for Characterizing 

Embryonic Stem Cell-Derived Cardiomyocytes 

 

 

 

 

Oscar John Abilez, M.S.E. 

The University of Texas at Austin, 2010 

 

Supervisor:  Laura Suggs 

 

Cardiovascular disease (CVD) affects more than 70 million Americans and is the 

number one cause of mortality in the United States.   Because the regenerative capacity of 

adult tissues such as the heart is limited, human embryonic stem cells (hESC) have 

emerged as a source for potential cardiac therapies.  However, despite the use of a variety 

of biochemical differentiation protocols, current yields of hESC-derived cardiomyocytes 

(CM) have been low.  In the case of hESC-CM, which are inherently electromechanically 

active, additional forms of inducing a mature cardiac fate have not been fully explored.  

In order to non-invasively visualize and quantify biochemical, electrical, and mechanical 

stimulation on hESC-CM differentiation in future studies, a bioreactor imaging system 

has been developed and is described in this report. 
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Chapter 1:  Introduction 

 

Cardiovascular disease (CVD) is the number one cause of morbidity and mortality 

in the United States.
1
  It is a significant healthcare burden in the US, affecting more than 

70 million Americans.
1,2

  The societal and financial impacts are tremendous, with CVD 

accounting annually for an estimated $400 billion in US health care costs.
1,3

 

In adult tissues such as the heart, the capacity for self-regeneration is limited.  

When a myocardial infarction (MI) occurs, cardiomyocytes (CMs) within the 

myocardium die and there is little or no regeneration.  Instead the dead myocardium is 

replaced with scar tissue, which leads to reduced cardiac contractility and eventual heart 

failure.
4
  Thus, the delivery of replacement cardiomyocytes (CMs) by cardiomyoplasty or 

tissue engineering methods could restore tissue viability and function to an injured heart. 

5,6
 

The pluripotent capacity of human embryonic stem cells (hESCs)
7
 and the proven 

ability to differentiate hESCs into CMs makes them an attractive source for myocardial 

therapy.
8-11

  However, despite the use of various biochemical differentiation protocols, 

current yields of hESC-derived CMs range from 1~30%.
10,12-14

  Furthermore, hESC-CMs 

do not exhibit adult phenotypes, but rather exhibit molecular, structural, and 

electrophysiological properties similar to that of nascent embryonic myocardium.
6
 

In the case of the electromechanically active cardiomyocyte, additional forms of 

inducing cardiac fate outside of biochemical stimulation have yet to be identified.  

Bioreactors that provide biochemical, electrical, and mechanical stimulation in vitro that 

mimic the in vivo environment may improve differentiation yields by upregulating 
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cardiac specific genes, activating stretch and voltage-gated ion channels, and driving 

enhanced polymerization of cytoskeletal structures.
15-20

 

In order to quantify and characterize hESC-CM differentiated by various stimuli, 

non-invasive short and long-term imaging integrated with a bioreactor system is needed.  

For hESC-CM differentiation, video microscopy would allow for the assessment of rate, 

amplitude, and direction of contractions; time-lapse imaging would allow for the 

visualization of differentiation over time
21

; high-speed calcium imaging would allow for 

characteristic calcium signals to be detected
22

; and, finally, fluorescence imaging would 

allow the identification of specific cardiomyocyte phenotypes such as pacemaker, atrial, 

and ventricular cells by specific antibody labeling.
23

 

The successful improvement in hESC-CM yield and terminal differentiation into 

adult phenotypes would advance the rapidly progressing field of cardiovascular cell and 

tissue engineering and open the door to improved cardiovascular therapies.
5,6

 

This report describes the hardware and software development of a bioreactor 

imaging system, initial validation experiments, and characterization of contractile 

properties of a colony of differentiating hESC-CM. 
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Chapter 2.  Background 

 

CARDIOVASCULAR DISEASE 

Cardiovascular disease (CVD) is the number one cause of morbidity and mortality 

in the United States.
1
  It is a significant healthcare burden, affecting more than 70 million 

Americans.
1,2

  The societal and financial impacts are tremendous, with CVD accounting 

annually for an estimated $400 billion in US health care costs.
1,3

 

CVD mortality from 1979 to 2004 has moderately decreased as shown in Figure 

1.  However, CVD total mortality in the United States in 2004 (the latest year available) 

was still over 800,000.  The CVD mortality for females has been greater than males for 

approximately over ten years, with mortality for each group over 400,000.
1
 

Figure 1: Cardiovascular Disease Mortality, 1979-2004.  Cardiovascular disease 
(CVD) total mortality in the United States in 2004 (the latest year available) 
was over 800,000.  The CVD mortality for females has been greater than 
males for approximately over ten years, with mortality for each group over 
400,000.

1
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Although preventive measures, improved diagnostics, and medical, minimally-

invasive, and surgical therapies have steadily decreased CVD mortality, stem cell and 

tissue engineering strategies have the potential to accelerate this downward trend since 

these therapies, in principal, could directly replace diseased cells and tissues.
5,6

 

 

CARDIAC REMODELING 

Repair of myocardial infarction (MI) results in replacement of organized 

contractile myocardium with disorganized non-contractile scar tissue.  The time course of 

human infarct healing includes the initial acute ischemic phase, followed by the necrotic 

phase, fibrosis phase, and ultimately the remodeling phase as shown in Figure 2.
4,24

 

In the acute ischemic phase, lasting minutes to hours after the MI, the heart 

muscle loses some ability to contract and maintain cardiac function but normal tissue 

properties dominate heart mechanics and stiffness.  In the week-long necrotic phase, 

inflammation and swelling stiffen the tissue and result in further reduced heart function.  

During the following two week fibrosis phase, collagen production increases and the scar 

tissue and mechanics are dominated by large Type I collagen fibers with significant 

anisotropy.  Finally, the remodeling phase can last up to eight weeks beyond the MI and 

sees some shrinkage of the scar and reduced collagen production but continued collagen 

cross-linking.  

Healing of infarcts generates scar tissue characterized by poorly aligned collagen 

and increased mechanical stiffness.  Collagen fibers in the scar tissue are more numerous, 

more poorly aligned and less straight in the unloaded state but straighten more rapidly 

and accommodate less circumferential strain in the loaded state than collagen in healthy 

tissue.  However, in the longitudinal direction with asymmetrically lower strains, the 
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collagen fibers behave similarly in scar and healthy tissue.  Taken together, there is an 

opportunity to intervene before the fibrosis stage via stem cell and tissue engineering 

strategies to direct the healing process and provide structured collagen and aligned 

healthy CMs to achieve matched elasticity at the infarct site. 

 

Figure 2: Cardiac Repair after Myocardial Infarction.  Microscopic features show 
collagenous scar repair of a myocardial infarction with significant loss of 
cardiomyocytes.

4
  The loss of cardiomyocytes translates into a loss of 

cardiac function.  (A) Infarct showing coagulative necrosis along with 
elongated wavy fibers (day 1) (left), compared with adjacent normal fibers 
(right).  (B) Dense polymorphonuclear leukocytic infiltration in the area of 
infarct (days 3 to 4).  (C) Nearly complete removal of necrotic myocytes by 
phagocytosis (days 7 to 10).  (D) Granulation tissue characterized by loose 
collagen and abundant capillaries.  (E) Well-healed infarct with replacement 
of the necrotic fibers by a dense collagenous scar (blue).  A few residual 
cardiomyocytes (pink) are still present.

4
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CARDIAC DEVELOPMENT 

Morphological studies show that the early steps of heart development are 

conserved among vertebrates, including humans, but the timing of these steps differs 

among species.
25,26

  For CM precursor cells isolated from the embryonic mouse heart, 

microarray analysis has been used to identify cardiac development stage-specific and 

age-independent gene expression patterns that describe the transcriptional networks 

involved in mammalian cardiac development as shown in Figure 3.
27

 

While gene expression and morphology may be conserved between species, the 

established protocols for mouse stem cell differentiation may require adjustment to match 

the time line of human development.
28

  Both endogenous factors, including those from 

the transforming growth factor β (TGF-β) superfamily
29

, bone morphogenetic proteins 

(BMP)
30

, fibroblast growth factors (FGF)
31

, and various members of the Wnt/wingless 

(WNT) signaling family
32

, as well as exogenous factors, including retinoic acid (RA)
33

, 

have induced cardiogenesis in both mouse and human stem cells. 

Electrical and mechanical stimulation occurs early in cardiac development.  The 

heart is the first organ to begin electromechanical function in the developing embryo with 

onset of beating at day 22, well before heart morphogenesis is completed.
34,35

  Analysis 

of cell signaling mechanisms shows that CMs have the ability to sense stretch and to 

activate multiple signal transduction pathways.
36

  The existence of mechanical function 

and electrical pacing early in cardiac development has been the motivation for the 

investigation of their influence on CM differentiation and function.
16,18,20

 

The relationship between forces and function in the adult heart is documented in 

both physiological hypertrophy and pathological remodeling.  Analysis of cell signaling 

mechanisms shows that CMs have the ability to sense stretch and to activate multiple 
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signal transduction pathways, similar to those activated by growth factors.
36

  Multiple 

measurement techniques have been used to characterize the mechanical and electrical 

properties of adult CMs, however, the properties of hESC-derived CMs have not been 

thoroughly investigated.  Early electrophysiology studies suggest hESC-CMs exhibit a 

fetal phenotype and are a mixture of pacemaker, atrial, ventricular, and nodal cardiac cell 

types.
8,37

 

Taken together, the in vivo biochemical, electrical, and mechanical stimuli seen in 

normal cardiac development may offer insight into strategies for the in vitro directed 

differentiation of stem cells into the CM lineage. 
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Figure 3: Cardiac Development.  Transcriptional networks involved in mammalian 
cardiac development form the primary (blue) and secondary (pink) heart 
fields, along with derivatives of both fields (purple).  Inductive signals 
activate upstream regulatory activators (Isl1, Foxh1, Nkx2-5, GATA4 genes 
encoding transcription factors) in the primary and secondary heart fields.  
These transcription factors, in turn, activate the genes in the core regulatory 
network (NK2-MEF2-GATA-Tbx-Hand).  The genes in the core regulatory 
network serve to centrally regulate muscle-specific genes and genes that 
control the growth and patterning of derivatives of the primary and 
secondary heart fields.  The primary heart field gives rise to the left ventricle 
(lv) (blue) and portions of the atria (a) (purple), while the secondary heart 
field gives rise to the right ventricle (rv) (pink), portions of the atria 
(purple), and the outflow tract (purple) as shown in a scanning electron 
micrograph of a mouse heart at embryonic day 14.5.  The atria are shown in 
purple as they are derived from both fields.

38
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CARDIOVASCULAR TISSUE ENGINEERING 

Cardiovascular tissue engineering consists of combining cells, scaffolds, and 

stimuli to form functional replacement cardiovascular tissue (Figure 4).  Active research 

in this area is concerned with determining the optimal cardiac cell type, scaffold type, and 

stimuli.  Examples of stem cell types currently being investigated as cell sources are adult 

stem cells, embryonic stem cells (ESC), and induced pluripotent stem cells (iPSC).
39-42

  

Examples of scaffolds being studied fall into the broad areas of natural and synthetic 

biomaterials.  Four broad domains of stimuli of interest are thermal, biochemical, 

electrical, and mechanical.
43

 

 

Figure 4: Cardiovascular Tissue Engineering.  Cardiovascular tissue engineering 
consists of combining cells, scaffolds, and stimuli to form functional 
replacement cardiovascular tissue.  Active research in this area is concerned 
with determining the optimal cardiac cell type, scaffold type, and stimuli.  
Examples of stem cell types currently being investigated as cell sources are 
adult stem cells, embryonic stem cells (ESC), and induced pluripotent stem 
cells (iPSC).  Examples of scaffolds being studied fall into the broad areas 
of natural and synthetic.  Four broad domains of stimuli of interest are 
thermal, biochemical, electrical, and mechanical.

39-42
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Cardiovascular tissue grafts are needed that can produce force, do not produce 

arrhythmias, and contain some or all of the native cell types found in normal cardiac 

anatomy (Table 1).  Endogenous regenerative mechanisms do not sufficiently 

compensate for CM death after MI.  Pharmacotherapy, catheter-based interventions, and 

surgery often improve cardiac function.  However, in many patients, these therapeutic 

options have limited ability to prevent ventricular remodeling, and refractory symptoms 

develop.  Thus, therapies with stem cells alone or in combination with scaffolds to form 

engineered cardiovascular tissue grafts are emerging as potential therapeutic 

alternatives.
44,45

  

Cardiovascular tissue engineering is still in its infancy, and to progress forward, 

the following issues need to be addressed: (1) to repair myocardial infarcts, engineered 

cardiovascular tissue grafts will need to be scaled to a size with contractile features that 

can lend clinically significant support to failing hearts; (2) because size, function, and 

viability depend on an oxygen supply, vascularization will be required for survival of 

large cardiovascular tissue grafts; (3) to avoid arrhythmogenesis, engineered tissue grafts 

will need to electrically integrate into the host myocardium; (4) because the heart needs 

both systolic contraction and diastolic relaxation, engineered cardiac grafts will need to 

have a large compliance; and (5) in the case of using ESCs as the cell source, teratoma 

formation must be avoided.
46

 

Overall, the clinical utility of cardiovascular tissue engineering will likely depend 

on the ability to replicate the site-specific properties of the tissue being replaced across 

different size scales and establish the specific differentiated cell phenotype, architectural 

organization, tissue biomechanical properties, and graft integration with the neighboring 

host tissues.
19,44,45
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Structure*  Substructure  Cell Type  
Spontaneous 

Rate  
(1/min)  

Pressure  Heart Field  

Sinoatrial (SA) Node  N/A  Atrial Pacemaker Cells  70-80  Low  
Primary + 
Secondary  

Right Atrium (RA)  

Heart Wall  

Endocardial Cells - 

Low 
Primary + 
Secondary  

Myocardial Cells  -  

Epicardial Cells  -  

Coronary Arteries  

Endothelial Cells  -  

Smooth Muscle Cells  -  

Fibroblast Cells  -  

Coronary Veins  

Endothelial Cells  -  

Smooth Muscle Cells  -  

Fibroblast Cells  -  

Left Atrium (LA) Analogous to RA  Analogous to RA  -  Low  
Primary + 
Secondary  

Atrioventricular (AV) 
Node 

N/A  
Ventricular Pacemaker 
Cells  

20-40  Low + High  
Primary + 
Secondary  

Cardiac Conduction 
System  

Bundle of His Conduction Cells  -  

High  Primary  Bundle Branches  Conduction Cells  -  

Purkinje Fibers  Purkinje Cells  -  

Right Ventricle (RV)  Analogous to RA  Analogous to RA  -  Low  Secondary  

Left Ventricle (LV)  Analogous to RA  Analogous to RA  -  High  Primary  

Table 1: Cardiac Anatomy.  Cardiac anatomy consists of various structures, 
substructures, and specific cell types.  One of the long-term goals of 
cardiovascular tissue engineering is to engineer specific cell types, such as 
left ventricular myocardial cells, and use these cell types in ventricular 
replacement tissue in instances where the heart wall has been irreversibly 
damaged by myocardial infarction.  In order to engineer specific cell types, 
knowledge of their adult (and developmental) spontaneous rates, adult (and 
developmental) pressures, and developmental heart field origins will be 
necessary.  (Note:  For brevity, valves, the great vessels, innervation, 
developmental pressures, and developmental intrinsic rates are not listed in 
this table.) 
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HUMAN EMBRYONIC STEM CELLS 

Human embryonic stem cells (hESC) can be differentiated into CMs as shown in 

Figure 5.  Various endogenous and exogenous biochemical factors have been shown to 

induce differentiation of hESC into CMs.
29,30,33

  Using microarray analysis, stage-specific 

gene expression patterns of hESC-CMs have also now been identified, and several 

studies report that hESC-CMs exhibit structural, molecular, and functional properties 

similar to those of the nascent embryonic myocardium.
6
  However, despite the use of a 

variety of differentiation protocols, current yields of hESC-CMs range from 1-30%,
12-14

 

and furthermore, this yield does not represent a homogeneous population, as 

electrophysiology studies such as multielectrode array (MEA) analysis have shown a 

mixture of pacemaker, atrial, and ventricular fetal cardiac phenotypes.
8,47,48

 

 

Figure 5: Human Embryonic Stem Cells.  Human embryonic stem cells (hESC) are a 
potential source of cells for cardiovascular tissue engineering applications.  
Shown here is a spherical cluster of hESC known as an embryoid body 
(EB).  The formation of EBs facilitates the formation of endodermal, 
mesodermal, and ectodermal germ layers.  Depending on the downstream 
stimulation of EBs, various specific cell types, including cardiomyocytes 
and endothelial cells, may be formed.

6,7,14
 

In the case of hESC-CMs that are inherently electromechanically active, other 

forms of inducing cardiac fate need to be identified. The addition of in vitro 
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electromechanical stimulation that simulates the in vivo environment may improve hESC-

CM yield and function by activating stretch ion channels, upregulating voltage-gated ion 

channels, and driving enhanced sarcomeric organization. 

To date, various types of bioreactors have been developed to apply biochemical 

and either electrical or mechanical stimulation to cells and tissue-engineered constructs, 

as described below.
20,43,49-52

  In order to non-invasively visualize and quantify 

biochemical and electromechanical stimulation on hESC-CM differentiation in future 

studies, bioreactor imaging systems may provide useful high-content information for 

assessing hESC-CM changes temporally and spatially. 

 

BIOREACTORS 

One of the major hurdles in culturing stem cells for viable tissue graft material is 

that the cells have to be directed to differentiate and organize into functional tissue and at 

the same time, maintain that structure in culture.
53

  Figure 6 shows de-differentiation of 

primary CMs in long-term static culture from 0 to 15 days.  These cells tend to lose both 

their characteristic shape and organization over time; this suggests that important in vivo 

stimuli are absent in traditional in vitro culture.  Bioreactors are aimed at providing the 

necessary biochemical, electrical, and mechanical stimuli that are required to induce and 

maintain prescribed cellular phenotypes. 

As shown in Figure 7, for cardiovascular tissue engineering, temporally and 

spatially organized stem cell-derived cardiomyocytes are needed.  Temporal organization 

is needed to avoid arrhythmias and spatial organization is needed to produce coordinated 

force.  Under standard culture conditions, differentiating stem cell-derived  
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Figure 6: De-differentiation of Primary Cardiomyocytes in Culture.  Images A 
through F indicate adult cardiomyocytes in long-term culture from 0 to 15 
days.  These cells tend to lose both their characteristic shape and 
organization when in culture.  This figure illustrates one of the major 
hurdles in culturing stem cells for viable tissue graft material: the cells have 
to be directed to differentiate and organize into functional tissue and at the 
same time, maintain that structure in culture.

53
 

 

Figure 7: Spatio-temporal Organization of Differentiating Cardiomyocytes.  For 
cardiovascular tissue engineering, temporally and spatially organized stem 
cell-derived cardiomyocytes are needed.  Temporal organization is needed 
to avoid arrhythmias and spatial organization is needed to produce 
coordinated force.  Under standard culture conditions, differentiating stem 
cell-derived cardiomyocytes are disorganized, and therefore, additional 
methods will be likely needed to organize them.

40
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CMs are disorganized, and therefore, additional methods and technologies such as 

bioreactors will be likely needed to organize them.
40

 

Bioreactors for cardiovascular tissue engineering are varied and can be classified 

into flask, vessel, and chamber types (Table 2).  The different types vary with respect to 

mass transfer, mechanical stimulation, electrical stimulation, biochemical stimulation, 

and incorporated imaging systems.
20,43,49-52

 

 

Types 
Mass 

Transfer 

Mechanical Stimulation 
Electrical 

Stimulation 
Biochemical 
Stimulation 

Imaging 
System 

Refs 

Flow 
Shear 
Stress 

Strain 

Static 
flask 

Diffusion None None None None 

O2/pH/CO2 

Temperature 
Growth factors 

None 
49,50

 

Spinner 
flask 

Convection Turbulent High None None 

O2/pH/CO2 

Temperature 
Growth factors 

None 
49,50

 

Rotating 
wall 

vessel 
Recirculation Laminar Low None None 

O2/pH/CO2 

Temperature 
Growth factors 

Online 
microscopy 

49-51
 

Perfused 
wall 

vessel 
Perfusion Laminar Low None None 

O2/pH/CO2 

Temperature 
Growth factors 

None 
49-51

 

Hollow-
fiber 

chamber 
Perfusion Laminar Low None None 

O2/pH/CO2 

Temperature 
Growth factors 

None 
50

 

Static 
chamber 

Diffusion None None None 
Monophasic 

Biphasic 

O2/pH/CO2 

Temperature 
Growth factors 

None 
20,43,52

 

Perfusion 
chamber 

Perfusion Laminar Low Pulsatile None 

O2/pH/CO2 

Temperature 
Growth factors 

Perfluorocarbons 

Online 
microscopy 

49-51
 

Table 2: Bioreactors for Cardiovascular Tissue Engineering.  Bioreactors for 
cardiovascular tissue engineering are varied and can be classified into flask, 
vessel, and chamber types.  The different types vary with respect to mass 
transfer, mechanical stimulation, electrical stimulation, biochemical 
stimulation, and incorporated imaging systems.

20,43,49-52
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As shown in Table 3 below, electrical and mechanical stimulation have separately 

been shown to be important in engineering three-dimensional (3D) cardiovascular tissue.  

In 2002, Zimmermann showed that mechanical stimulation is important for engineering 

3D cardiovascular tissue from rat neonatal CMs.
54

  Two years later, Radisic showed that 

electrical stimulation is also important for engineering 3D cardiovascular tissue.
16

  In 

2006, the Zimmermann group extended their work and showed that their cardiovascular 

tissue grafts improved systolic and diastolic function in infarcted rat hearts.
45

   Also in 

2006, Sekine demonstrated that 3D cardiovascular tissue made by layering sheets of CMs 

could be implanted in the aortic position, demonstrating a novel test-bed for evaluating 

engineered cardiovascular tissue grafts.
55

  Finally, in 2006, Guo demonstrated the 

fabrication of a 3D cardiovascular tissue graft from mouse ESC-derived CMs.
44

  A 

logical next step is to study the effects of combining electrical and mechanical 

stimulation and extend these previous studies to hESC. 

 

Year First Author Topic Cell Source Stimulation 

2002 Zimmermann
54

 Engineered 3D cardiac tissue 
Rat neonatal 

cardiomyocytes 
Mechanical 

2004 Radisic
16

 Engineered 3D cardiac tissue 
Rat neonatal 

cardiomyocytes 
Electrical 

2006 Zimmermann
45

 
Implanted 3D cardiac tissue on 

heart 
Rat neonatal 

cardiomyocytes 
Mechanical 

2006 Sekine
55

 
Implanted  3D cardiac tissue in 

aorta 
Rat neonatal 

cardiomyocytes 
Mechanical 

2006 Guo
44

 Engineered 3D cardiac tissue 
Mouse embryonic stem 

cells (mESC) 
Mechanical 

Table 3: Electromechanical Stimulation of Engineered 3D Cardiac Tissue. 

Under various stimuli (biochemical, electrical, mechanical), non-destructive 

cellular analysis techniques such as image and video microscopy will be useful in 

identifying specific phenotypes of CMs as they are differentiated from stem cells (Figure 
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8).  Electrical response can be measured via detection electrodes,
8,47,48

  calcium response 

can be measured via calcium imaging,
22,46

, and contractile response can be measured via 

edge detection imaging.
56,57

  The electrical, calcium, and contractile signatures of native 

CMs (e.g. ventricular myocytes) will be used as the goal specifications to which 

differentiating  stem cells are matched. 

Figure 8: Non-destructive Cardiomyocyte Analysis.  Under various stimuli 
(biochemical, electrical, mechanical), non-destructive cellular analysis will 
be useful in identifying specific phenotypes of cardiomyocytes as they are 
differentiated from stem cells.  Electrical response can be measured via 
detection electrodes,

8,47,48
  calcium response can be measured via calcium 

imaging,
22,46

, and contractile response can be measured via edge detection 
imaging.

56,57
  The electrical, calcium, and contractile signatures of native 

cardiomyocytes (e.g. ventricular myocytes) will be used as the goal 
specifications to which differentiating stem cells are matched. 

 

LIVE CELL IMAGING 

Imaging system components may be classified into the major divisions of 

hardware and software as shown in Table 4.  Components and sub-components of each 

division are listed below along with considerations for each. 

 

Stimulation

•Thermal

•Biochemical

•Mechanical

•Electrical

Contractile Response

via

Edge Detection Imaging

2005, Laugwitz, Nature
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Calcium Imaging
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Table 4: Imaging System Components.  Imaging system components may be 
classified into the major divisions of hardware and software.  Components 
and sub-components of each division are listed below along with 
considerations for each. 

Major 

Divisions  
Components  Sub-components  Considerations  

Hardware  

Microscopy 
Technique(s) 

1. Bright Field (BF) 
2. Phase Contrast (Ph) 
3. Differential Interference Contrast (DIC) 
4. Hoffman Modulation Contrast (HMC) 
5. Fluorescence Imaging 
6. Calcium Imaging  
7. Confocal Imaging 
8. Short-term Time-lapse (video) (milliseconds to 

seconds) 
9. Long-term Time-lapse (minutes to weeks) 
10. Other (TIRF, dark field, etc)  

Variable according to desired applications.  
Variable components according to specific microscopy 
technique.  

Objective(s) 

2.5x 
5x 
10x 
20x 

40x 
40x (oil) 
63x (oil) 
100x (oil)  

Achromat, fluorite, apochromat, +/- plan. 
Non-immersion or immersion.  
Brightfield, phase contrast, fluorescence. 
Variable numerical apertures (NA). 
Manual or motorized exchange. 

Specimen  
Transparency/opacity dictates choice of transmitted or 

reflected light source.  

Microscope Stand  Inverted or upright.  Manual or automated controls.  

Stage  Manual or motorized.  With or without z-axis focus.  

Specimen Holder(s)   Variable sizes according to culture dish/chamber types.  

Culture Chamber(s)  Variable according to application.  

Incubator(s)  Variable sizes.  With or without gas and temperature control.  

Light Source(s) 
1. Transmitted Light Illumination 
2. Fluorescence Light Epi-illumination)  

Halogen (6V, 35W) for transmitted light. 
Halogen (6V, 35W or 12V, 100W) or mercury (110V, 50 or 
100W) for fluorescence. 

Fluorescence Filter 
Set(s) 

1. Excitation 
2. Dichroic  
3. Emission  

Typically for blue (DAPI), green (FITC), and red (Texas Red) 
fluorescence. 
Manual or motorized exchange.  

Condenser 
 

Variable working distances. 
Manual or motorized for various microscopy techniques.  

Eyepieces 10x/20mm  Variable magnifications and fields of view.  

Camera(s) 
 

High speed, high resolution, high sensitivity, or combination.  
Cooled or non-cooled. 
Monochrome or color.  Variable data transfer types (Firewire, 
USB, Serial, Parallel, etc).  

Computer  Variable processor, memory, and video card configurations.  

Software 

Image Acquisition 
Image Processing 
Image Analysis 
Image Archiving 

 

Functions may or may not be combined in one application. 
Static, dynamic, time lapse, high speed, high resolution, low 
light acquisition. 
Processing and analysis may be done offline. 
Archiving may be local or networked.  
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Hardware consists of the components needed for the various microscopy 

techniques, objectives, the specimen under inspection, microscope stand, stage, specimen 

holder, culture chambers, incubators, light sources, fluorescence filter sets, condenser, 

eyepieces, camera(s), and computer. 

Microscopy techniques include bright field (BF), phase contrast (Ph), differential 

interference contrast (DIC), Hoffman modulation contrast (HMC), fluorescence, calcium 

imaging, confocal imaging, short-term time-lapse (i.e. video), long-term time-lapse, and 

other techniques such as total internal reflection fluorescence (TIRF).  Techniques such 

as Ph, DIC, and HMC are useful as they provide contrast within and between populations 

of cells. 

Fluorescence microscopy is both sensitive and specific and is useful in identifying 

unique antigens within and on the surface of cells.  For live cell imaging, however, 

antigens of interest cannot be located within cells as permeabilization, which is required 

to tag internal antigens with fluorescent markers, kills cells. 

Calcium imaging enables detecting changes in cellular calcium stores and flux of 

calcium between various cellular compartments.  Confocal imaging allows localization of 

cell specific markers along distinct focal planes along the z-axis (vertical axis).  Short-

term time-lapse microscopy (i.e. video) allows for detection of motion over milliseconds 

to seconds while long-term time-lapse microscopy allows for detection of motion over 

minutes to weeks. 

Objectives for microscopy typically have magnifications of 2.5x, 5x, 10x, 20x, 

40x, 63x, and 100x, with 40x, 63x, and 100x objectives typically requiring immersion oil 

to be placed between the objective and the specimen.  Combined with typical eyepieces 

of 10x magnification, total magnifications of 25x, 50x, 100x, 200x, 400x, 630x, and 
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1000x can be achieved.  Since the optical components of a microscope play the greatest 

role in determining image quality, and, in turn, the microscope objectives are the most 

important of the optical components, objective characteristics are discussed in detail 

below. 

Numerical aperture (NA) is a dimensionless value representing the light gathering 

power of a microscope objective.  As shown in Figure 9, resolution distance is inversely 

proportional to the NA, and thus, for a given objective magnification, smaller features of 

a specimen can be resolved with an objective with a higher NA.  Objectives with 

different angular apertures (a) and working distances (WD) have different NA.  In Figure 

9, compared to Objective B, Objective A will have a higher NA due to its larger angular 

aperture. 

 

Figure 9: Numerical Aperture.  Numerical aperture (NA) is a dimensionless value 
representing the light gathering power of a microscope objective.  
Objectives with different angular apertures (a) and working distances (WD) 
have different NA.  Compared to Objective B, Objective A will have a 
higher NA due to its larger angular aperture. 

NA = nsin (a/2)

r =
1.22

NA obj + NAcond

Brightfieldmicroscopy

(transmitted light) 

r =
1.22

2NA obj

Fluorescence microscopy

(self-luminous object) 

WD
a

A

Objective

Object

Plane

WD

a

B
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Optical aberration in microscopy consists of field curvature artifacts, spherical 

aberration, and chromatic aberration (Table 5).  To improve microscopy image quality, 

these optical aberrations may be corrected with appropriate objectives.
58,59

 

 

Optical Aberration Description 

Field Curvature Artifacts 
Field artifacts that occur from the focusing of a flat specimen onto a spherical 
surface by a simple lens.  

Spherical Aberration 
Lens-dependent artifacts that occur due to the increased refraction of light that 
occurs when rays strike a lens near its edge, in comparison with those that strike 
nearer its center  

Chromatic Aberration 
Wavelength-dependent artifacts that occur because the refractive index of a given 
optical glass formulation varies with wavelength. 

Table 5: Optical Aberration.  Optical aberration in microscopy consists of field 
curvature artifacts, spherical aberration, and chromatic aberration.  To 
improve microscopy image quality, these optical aberrations may be 
corrected with appropriate objectives (see the next table).

58,59
 

The objective correction for spherical and chromatic aberrations in a microscopy 

system increases in order from Achromat, to Fluorite, to Apochromat types (Table 6).  

The Plan type corrects field curvature artifacts. 
58,59

  Thus a Plan Apochromat objective 

gives the greatest correction for field curvature artifacts, spherical aberrations, and 

chromatic aberrations. 

As objective magnification increases, NA increases (Table 7).  Also, as optical 

correction increases from Plan Achromat, to Plan Fluorite, to Plan Apochromat, NA 

increases.  Thus a 4x Plan Achromat objective has the lowest optical correction and 

lowest resolving power while a Plan Apochromat 100x objective has the highest optical 

correction and resolving power.  Figure 10 shows a graphical representation of Table 7 

showing that NA increases with objective magnification and optical correction. 
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Objective 
Type 

Field 
Curvature 
Artifacts  

Spherical 
Aberration 

Chromatic 
Aberration 

Achromat No 1 Color 2 Colors 

Fluorite No 2-3 Colors 2-3 Colors 

Apochromat No 3-4 Colors 4-5 Colors 

Plan Achromat Yes 1 Color 2 Colors 

Plan Fluorite Yes 2-3 Colors 2-3 Colors 

Plan Apochromat Yes 3-4 Colors 4-5 Colors 

Table 6: Objective Correction for Optical Aberration.  The objective correction for 
spherical and chromatic aberrations in a microscopy system increases in 
order from Achromat, to Fluorite, to Apochromat types.  The Plan type 
corrects field curvature artifacts.

58,59
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Table 7: Numerical Aperture and Optical Correction Relationships.  As objective 
magnification increases, numerical aperture (NA) increases.  Also, as optical 
correction increases from Plan Achromat, to Plan Fluorite, to Plan 
Apochromat, NA increases. 

 

Figure 10: Numerical Aperture and Optical Correction Relationships.  A graphical 
representation of Table 7 shows that numerical aperture (NA) increases with 
objective magnification and optical correction. 

Objective Magnification  
Plan Achromat 

NA 
Plan Fluorite 

NA 
Plan Apochromat 

NA 

4x 0.10 0.13 0.20 

10x 0.25 0.30 0.45 

20x 0.40 0.50 0.75 

40x 0.65 0.75 0.95 

60x 0.75 0.85 0.95 

40x (oil) -  1.30 1.00 

60x (oil) -  -  1.40 

100x (oil) 1.25 1.30 1.40 
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Fluorescence microscopy is both sensitive and specific and is useful in identifying 

unique cellular antigens.  For fluorescence microscopy, excitation and emission filters 

(shaded areas in Figure 11) are used to visualize the fluorescence spectra of various 

fluorophores. 

Figure 11: Fluorescence Spectra and Filters.  Excitation and emission filters (shaded 
areas) are used in microscopy systems to visualize the fluorescence spectra 
of various fluorophores.  Here three (3) excitation and three (3) emission 
filters are listed in the standard format of centered wavelength/band range 
wavelength (excitation:  360/40, 480/40, 560/55; emission:  425/long pass, 
535/50, 645/75).  The long pass filter allows wavelengths longer than 425 to 
pass.  The filters listed here can be used to effectively excite (dashed lines) 
and visualize the emission (solid lines) spectra of DAPI (blue lines), Alexa 
Fluor 488 (green lines), and Alexa Fluor 594 (red lines) fluorophores.  Blue, 
green, and red also correspond to the respective emitted light of these 
fluorophores.  (DAPI=4',6-diamidino-2-phenylindole) 

In the figure, three (3) excitation and three (3) emission filters are listed in the 

standard format of centered wavelength/band range wavelength (excitation:  360/40, 

480/40, 560/55; emission:  425/long pass, 535/50, 645/75).  The long pass filter allows 

wavelengths longer than 425 to pass.  The filters listed here can be used to effectively 
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excite (dashed lines) and visualize the emission (solid lines) spectra of 4',6-diamidino-2-

phenylindole (DAPI) (blue lines), Alexa Fluor 488 (green lines), and Alexa Fluor 594 

(red lines) fluorophores.  Blue, green, and red also correspond to the respective emitted 

light of these fluorophores. 

Calcium imaging enables detecting changes in cellular calcium.  Two excitation 

(gray and purple shaded areas) and one emission filter (green shaded area) are used in 

microscopy systems to visualize the fluorescence spectra of Fura-2, a dual excitation, 

single emission fluorophore used for calcium imaging (Figure 12). 

Figure 12: Fura-2 Fluorescence Spectra for Calcium Imaging.  Two excitation (gray 
and purple shaded areas) and one emission filter (green shaded area) are 
used in microscopy systems to visualize the fluorescence spectra of Fura-2, 
a dual excitation, single emission fluorophore used for calcium imaging.  
The excitation and emission filters are listed in the standard format of 
centered wavelength/band range wavelength (excitation:  340/26, 387/11; 
emission:  510/84).  The filters listed here can be used to effectively excite 
(dashed lines) and visualize the emission (solid lines) spectra of Fura-2 (red 
and blue lines).  The 340:380 wavelength ratio is calculated to quantify the 
bound:free calcium. 
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The excitation and emission filters are listed in the standard format of centered 

wavelength/band range wavelength (excitation:  340/26, 387/11; emission:  510/84).  The 

filters listed here can be used to effectively excite (dashed lines) and visualize the 

emission (solid lines) spectra of Fura-2 (red and blue lines).  The 340:380 wavelength 

ratio is calculated to quantify the bound:free calcium ratio. 

Software for an imaging system consists of the components for image acquisition, 

processing, analysis, and archiving.  Functions may or may not be combined in one 

application.  Acquisition software can be used to obtain static, dynamic, time lapse, high 

speed, high resolution, and low light images.  Image processing and analysis may be done 

online or offline while image archiving may be local or networked. 

 

REPORT OBJECTIVES 

The overall objective of this report is to describe the development of a bioreactor 

imaging system for characterizing hESC-CMs. 

In the following sections below, methods and results for image and video 

acquisition hardware, image and video acquisition software, image and video playback 

software, image and video analysis software, data storage, stretchable silicone tubing 

imaging, and hESC-CM imaging are described in detail.   

Finally, a discussion and overall conclusions of the bioreactor imaging system for 

characterizing hESC-CMs are presented and future work is outlined. 
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Chapter 3.  Methods 

 

The bioreactor imaging system and the workflow for characterizing hESC-CMs 

consists of online acquisition, offline playback, and offline analysis as shown in Figure 

13.  The separation of acquisition from playback and analysis helps avoid computer 

processor delays and/or interrupts during any processor intensive analysis computations.  

In addition, the separation of these components allows for users to playback and analyze 

image and video data files in parallel with ongoing data acquisition on a separate 

computer. 

Figure 13: Imaging System and Workflow.  The imaging system and workflow 
described in the text consists of online acquisition, offline playback, and 
offline analysis.  The separation of acquisition from playback and analysis 
helps avoid computer processor delays and/or interrupts during any 
processor intensive analysis computations.  In addition, the separation of 
these components allows for one or multiple users to playback and analyze 
image and video data files in parallel with ongoing data acquisition on a 
separate computer. 

IMAGE AND VIDEO ACQUISITION HARDWARE 

A QImaging Retiga 2000R color cooled charge-coupled device (CCD) IEEE 1394 

camera was used to perform image capture and time-lapse recording (see Appendix A:  

Acquisition Playback Analysis
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QImaging Camera Specifications).  The camera sensor was a Kodak KAI-2020 

progressive scan interline CCD with 1600 x 1200 (1.92 million) pixels, with pixel size of 

7.4 m x 7.4 m, and exposure control of 10 s to 17.9 minutes in 1 s increments.  

Camera cooling to 25°C below ambient was achieved with Peltier thermoelectric cooling.  

Available binning modes were 1 x 1, 2 x 2, 4 x 4, and 8 x 8 that allowed for frame rates 

of a minimum of 10 frames per second (fps) at a 12 bit output to a maximum of 190 fps.  

Digital output was 12 bits with gain control from 0.451x to 21.5x.  External trigger and 

synchronization (sync) of the camera with external hardware were controlled with a TTL 

input and a TTL output, respectively.  Finally, the camera was attached to the microscope 

described below with a one inch C-mount adapter. 

A Leica DMIL inverted microscope was used to visualize undifferentiated hESC 

and hESC-CMs (see Appendix B:  Leica Microscope Specifications).  The phototube 

consisted of a 45° beam splitter for 0/100% and 100/0% visual port/photo port viewing.  

Two (2) eyepieces each had 10x magnification and a 20 mm field of view.  The 

condenser had a NA of 0.35 with a long free working distance of 55 mm.  Objectives 

included an N PLAN 2.5x, 0.7 NA; HI PLAN 4x, 0.10 NA; N PLAN 5x, 0.12 NA, Ph0; 

HI PLAN 10x, 0.25 NA, Ph1; C PLAN 20x, 0.30 NA, PH1; and a C PLAN 40x, 0.50 

NA, PH2.  For fluorescence imaging, the light source used was a 100 Watt mercury (Hg) 

lamp and filter cube sets included the following:  DAPI, Excitation: 360/40, Emission: 

425 LP;  FITC/EGFP, Excitation: 480/40, Emission: 535/50; and Texas Red, Excitation: 

560/55, Emission: 645/75.  Contrast techniques used were Hoffman modulation contrast 

(HMC) and phase contrast (Ph).  Specimen were moved with a 128 x 83 mm manual 

stage and held with a universal holding frame. 
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A Thales-Optem Zoom 70XL microscope was used to visualize strained silicone 

tubes for validation and calibration of our custom-made video analysis software (see 

Appendix C:  Thales-Optem Microscope Specifications).  This microscope was a 

machine vision type with a 1.0x TV tube, a 70XL manual upper zoom module, and a 

basic function lower zoom module.  Mounting was achieved with an 84 mm outer 

diameter (o. d.) TV tube clamp and a Meiji Techno wide-surface stand.  Lighting was 

accomplished with a mini-annular ring probe and a Dolan-Jenner 150 Watt halogen fiber 

optic.  Magnification was 0.75x to 5.25x (1:7 ratio), NA was 0.024 to 0.080, and working 

distance was fixed at 89 mm. 

Imaging hardware costs (see Appendix D:  Imaging Hardware Costs) for the 

QImaging camera, the Leica microscope, and the Thales-Optem microscope was 

$24,000. 

National Instruments LabView 8.0 software and Compact Field Point (cFP) 

hardware was used for data acquisition and control of the bioreactor components 

discussed in detail further below. 

 

IMAGE AND VIDEO ACQUISITION SOFTWARE 

QImaging QCapture Pro 5.1 was used to acquire images and short-term time-

lapse (video) of hESC-CM (see Appendix E:  QImaging Software Specifications).  This 

software has features for acquiring, sequence processing, enhancing, single frame 

processing, and measuring images. 

National Instruments Vision 8.0 software was used to acquire images and short-

term time-lapse (video) of strained silicone tubes for validation and calibration of our 

custom-made video analysis software (see Appendix F:  National Instruments Software 
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Specifications).  This software has features for image acquisition, image processing, color 

processing, grayscale processing, binary processing, machine vision, image 

identification. 

Imaging software costs (see Appendix G:  Imaging Software Costs) for the 

QImaging QCapture Pro software and the National Instruments Vision software was 

$3500.  Total imaging hardware and software costs (see Appendix H:  Imaging Total 

Hardware and Software Costs) was $27,500. 

 

IMAGE AND VIDEO PLAYBACK SOFTWARE 

The custom-made image and video playback software is a simple system for 

obtaining immediate feedback on image, frame,  and video quality as shown in Figure 14 

and was developed with National Instruments Vision 8.0 and LabView 8.0.  The system 

first opens an audio-visual interleaved (AVI) video file specified by the user.  Next, the 

system plays back the AVI video frames while, in parallel, the user may adjust the video 

frame rate to slow down or speed up the video.  Upon user input, the video playback 

system stops replaying the video and closes the AVI video file. 
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Figure 14: Image and Video Playback Software Flowchart.  The image playback 
system is a simple system for obtaining immediate feedback on 
image/frame/video quality.  The system first opens an audio-visual 
interleaved (AVI) video file specified by the user (green).  Next, the system 
plays back the AVI video frames (purple).  In parallel, the user may adjust 
the video frame rate to slow down or speed up the video (gray).  Upon user 
input, the video playback system stops replaying the video and closes the 
AVI video file (red). 

IMAGE AND VIDEO ANALYSIS SOFTWARE 

The custom-made image and video analysis software is a system for calculating 

distance changes along a user-defined region of interest (ROI) line by using a simple 

edge detection algorithm as shown in Figure 15.  The software was developed with 

National Instruments Vision 8.0 and LabView 8.0.  The system first opens an AVI video 

file specified by the user.  Next, the system makes a copy of the AVI video frames.  The 

system then performs additional processing and analysis steps and displays the processed 

video and analysis data.  The user has the option to save the analysis data.  In parallel, the 

user may adjust the video frame rate to slow down or speed up the video.  Upon user 

input, the video playback system stops replaying the video and closes the AVI video file. 
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Figure 15: Image and Video Analysis Software Flowchart.  The image analysis system 
is a system for calculating distance changes along a user-defined region of 
interest (ROI) line by using a simple edge detection algorithm.  The system 
first opens an audio-visual interleaved (AVI) video file specified by the user 
(green).  Next, the system makes a copy of the AVI video frames (blue).  
The system then performs additional processing and analysis steps (blue) 
and displays the processed video and analysis data (purple).  The user has 
the option to save the analysis data (light blue).  In parallel, the user may 
adjust the video frame rate to slow down or speed up the video (gray).  
Upon user input, the video playback system stops replaying the video and 
closes the AVI video file (red). 

A simple edge detection algorithm in National Instruments LabView 8.0 detects 

rising and falling edge locations along a grayscale profile generated from a user-defined 

or automated region of interest (ROI) based on a user-defined or automated threshold 

value as shown in Figure 16.  The rising edge location is determined by the maximum 
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value of a user-defined or automated hysteresis value.  The falling edge location is 

determined by the minimum of the same hysteresis value. 

 

Figure 16: Simple Edge Detection.  A simple edge detection algorithm in National 
Instruments LabView 8.0 detects rising (4) and falling (5) edge locations 
along a grayscale profile (1) generated from a user-defined or automated 
region of interest (ROI) based on a user-defined or automated threshold 
value (2).  The rising edge location is determined by the maximum value of 
a user-defined or automated hysteresis value (3).  The falling edge location 
is determined by the minimum of the same hysteresis value. 

DATA STORAGE 

Image acquisition, playback, and analysis software was loaded on a Dell Pentium 

4 CPU 2.4GHz PC with 2GB RAM and a 500GB hard drive. 

Images were stored in sizes of 1600 x 1200, 800 x 600, 400 x 300, or 200 x 150 

pixels, with 8 bit grayscale or 24 bit color depth, and in uncompressed Tagged Image File 

Format (TIFF) computer file format. 

AVI videos were taken at 30-34 frames per second at 150-300 frames per video.  

Each frame was stored as an 8 bit grayscale image. 
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BIOREACTOR LAYOUT 

The bioreactor provides an environment that is conducive to hESC-CM growth 

and differentiation, extracellular matrix (ECM) formation, and engineered cardiovascular 

tissue organization and maturation.
49,60-67

 

The bioreactor consists of several components assembled in a circulatory loop as 

shown in Figure 17 and Figure 18.  The components consist of several custom designed 

culture chambers; a pulsatile pump; a peristaltic pump; culture media; media reservoirs; 

compliance and resistance elements; tubing; gas and heat exchangers; 

probes/meters/transmitters for pressure, flow, gas, and pH monitoring; data acquisition 

components; a computer; data acquisition software; a feedback control system; and the 

bioreactor imaging system described above. 

The custom designed culture chambers allow hESC and engineered cardiovascular tissue 
cardiovascular tissue grafts to be grown in various culture conditions and 
configurations.  The chambers allow for growth in concentric tubes, 
scaffolds, and sheets.   

Figure 19 shows a culture chamber for straining silicone tubing.  Intraluminal 

pulsatile flow and pressure is used to strain the tubing, which will strain circular tissue 

grafts grown around the tubing.  Extraluminal flow is used to provide media to hESC-CM 

within the tissue grafts.  Strained silicone tubes were used to validate and calibrate the 

bioreactor imaging system as described in detail below 

In addition, electrical leads are fashioned at opposite ends of the chambers in 

order to apply pulsed electrical potential across the cells within the chamber.  Reports 

have demonstrated increased organization of cardiac and neural cells when subjected to 

an external electrical potential.
16,68
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A combination of four to twelve (4-12) similar and/or different culture chambers 

are assembled in parallel within the bioreactor system in order to facilitate parallel 

experimentation.  The chamber designs are unique but are drawn on features from those 

already described.
65,66,69

 

 

 

Figure 17: Schematic of Bioreactor and Imaging System.  The bioreactor comprises a 
circulatory loop, data acquisition and control, and an imaging system. 
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Figure 18: Actual Bioreactor and Imaging System. 

 
Figure 19: Culture Chambers for Applying Strain.  (A)  Design. (B)  Actual.  

Intraluminal pulsatile flow and pressure is used to strain silicone tubing 
mounted in the chamber, which will strain circular cardiovascular tissue 
grafts grown around the tubing.  Extraluminal flow is used to provide media 
to hESC-CM within the tissue grafts.  Strained silicone tubes were used to 
validate and calibrate the bioreactor imaging system as described in detail 
below. 

A Harvard pulsatile pump provides intra-luminal pulsatile flow via the culture 

media.  A range of pressures (50-200 mmHg systolic and 0-100 mmHg diastolic), rates 

(0-180 beats/minute or 0-3 Hz), stroke volumes (0.0-5 ml), shear (0-25 dynes/cm
2
) and 
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radial strain (1-15%) are delivered to the cells and engineered tissues in the culture 

chambers.  These ranges have been shown previously to affect cell and extracellular 

matrix characteristics.
65,66,70-75

 

The steady flow peristaltic pump (VWR) provides extra-luminal flow of culture 

media in order to maximize gas exchange and nutrition to the cells within and on the 

outside of engineered tissues. 

Culture media is formulated for growing, maintaining, and maturing hESC-CM 

alone or within engineered cardiovascular tissues.  The culture media is circulated from 

sterile media reservoirs (Corning) to the pumps.  The flow rates and waveforms are 

conditioned with the compliance and resistance elements. 

Gas and heat exchangers exchange oxygen (0-30%), carbon dioxide (0-20%), 

nitrogen (0-90%), and air (0-100%), and heat (21-37° C) with the culture media.  Probes 

(Transonic, Omega) are used to monitor fluid pressure and flow while probes (Broadley 

James) are used to monitor pH, oxygen, and temperature.  This data is routed through 

their respective transmitters into a data acquisition system (National Instruments 

Compact Field Point (cFP)) which communicates with a desktop computer (Dell) 

equipped with data acquisition and control software (National Instruments LabView 8.0). 

The information for gas, temperature, pressure, and flow levels is fed back into the 

bioreactor to keep their levels within prescribed limits.
65,66,70-73,76

 

 

STRETCHABLE SILICONE TUBING 

A stainless steel mold was designed and built to facilitate the fabrication of 

custom silicone tubing as shown in Figure 20.  A computer aided design (CAD) drawing 

(SolidWorks, Concord, MA) was created of the mold that defined the tubing length and 
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outer diameter and of four rods that defined the tubing inner diameter.  The full mold and 

four rods were then machined out of stainless steel (303SS, McMaster-Carr, Aurora, 

OH). 

Figure 20: Mold for Custom Silicone Tubing.  A stainless steel mold was designed and 
built to facilitate the fabrication of custom silicone tubing.  A SolidWorks 
2006 (SolidWorks, Concord, MA) model of half the mold and four rods for 
defining the tubing inner diameter is shown in (A).  A photograph of the 
unassembled full mold and four rods is shown in (B).  A photograph of the 
assembled mold and rods is shown in (C). 

Three (3) silicone tubing types of varying elasticity as shown in Figure 21 were 

used to validate the video playback and analysis systems.  In increasing order of 

elasticity:  (1) commercially available Tygon 3350 tubing (Saint-Gobain Performance 

Plastics, Akron, OH); (2) custom tubing made from Smooth-On Smooth-Sil 920 

(Reynolds Advanced Materials, North Hollywood, CA); and, (3)  custom tubing made 

from Smooth-On Dragon Skin (Reynolds Advanced Materials, North Hollywood, CA). 

The silicone tubing characteristics and dimensions are shown in Table 8.  

Increasing elasticity is inversely related to both Shore A hardness (50, 20, 10) and tensile 

strength (1450, 550, 475 psi).  All three tubing types had the same outer diameter (7.9 

mm), inner diameter (6.4 mm), wall thickness (0.8 mm), and length (60 mm). 

A B C
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Figure 21: Silicone Tubing Types.  Three (3) silicone tubing types of varying elasticity 
were used to validate the video playback and analysis systems.  In 
increasing order of elasticity:  (Top) Commercially available Tygon 3350 
tubing (Saint-Gobain Performance Plastics, Akron, OH); (Middle) Custom 
tubing made from Smooth-On Smooth-Sil 920 (Reynolds Advanced 
Materials, North Hollywood, CA); (Bottom)  Custom tubing made from 
Smooth-On Dragon Skin (Reynolds Advanced Materials, North Hollywood, 
CA). 

Tubing Type 
Shore 

A 

Tensile 
Strength 

(psi) 

Outer 
Diameter 

(mm) 

Inner 
Diameter 

(mm) 

Wall 
Thickness 

(mm) 

Length 
(mm) 

Elastic (Tygon 3350) 50  1450  7.9  6.4  0.8  60  

More Elastic (Smooth-On Smooth-Sil 920)  20  550  7.9  6.4  0.8  60  

Most Elastic (Smooth-On Dragon Skin)  10  475  7.9  6.4  0.8  60  

Table 8: Silicone Tubing Characteristics and Dimensions.  In increasing order of 
elasticity:  commercially available Tygon 3350 tubing, custom tubing made 
from Smooth-On Smooth-Sil 920, custom tubing made from Smooth-On 
Dragon Skin.  Increasing elasticity is inversely related to both Shore A 
hardness and tensile strength.  All three tubing types had the same outer 
diameter, inner diameter, wall thickness, and length. 

Elastic (Tygon 3350)

More Elastic (Smooth-On Smooth-Sil 920)

Most Elastic (Smooth-On Dragon Skin)

Top

Middle

Bottom
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HUMAN EMBRYONIC STEM CELL CULTURE AND IMAGING 

Undifferentiated hESC were clone H9 (WA09)
7,77

 from WiCell Research 

Institute.  These cells are a federally approved line of stem cells. 

 Undifferentiated hESC were maintained on top of a murine embryonic fibroblast 

(MEF) feeder layer inactivated by 10 g/ml of mitomycin C.  hESC and MEF co-cultures 

were cultured on 0.1% gelatin (Sigma, St. Louis, MO) coated tissue culture dishes in 

medium containing 80% Dulbecco’s Modified Essential Media-F12 (DMEM-F12), 1 mM 

L-glutamine, 0.1 mM -mercaptoethanol, 0.1 mM non-essential amino acids, 20% 

Knockout Serum Replacement (KO-SR) (all from Invitrogen, Carlsbad, CA) and 8 ng/ml 

human basic fibroblast growth factor (hFGF)(R & D Systems, Minneapolis, MN)
77

.  

The MEF were derived from CF-1 E12.5 embryos.  The hESC culture medium was 

changed every day and hESC were passaged every 4 or 5 days. 

To initiate differentiation into CMs, colonies of hESC were dispersed into cell 

aggregates containing approximately 500 to 1000 cells using 1 mg/mL collagenase IV 

(Thermo Fisher Scientific, Waltham, MA).  The cell aggregates were then cultured in 

suspension for 8 days to form embryoid bodies (EB) in 10 cm ultra-low attachment cell 

culture dishes (Corning, Corning, NY) or Petri dishes (Falcon, BD Biosciences, San Jose, 

CA) treated with 0.2% pluronic-F127 (Invitrogen, Carlsbad, CA).  The media used during 

EB formation contained no hFGF and media changes were performed every two days. 

To promote further cardiac differentiation, 8 day old EBs were transferred to 10 

cm tissue culture dishes (Falcon, BD Biosciences, San Jose, CA) coated with 0.1% 

gelatin (Sigma, St. Louis, MO) in media consisting of DMEM supplemented with 20% 

fetal bovine serum (FBS) and 2 mmol/L L-glutamine (Invitrogen, Carlsbad, CA).  During 

differentiation, the media was changed every two days. Spontaneously contracting cells 
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appeared as clusters in outgrowths from the EBs starting around day 10 after 

differentiation induction.  A culture chamber designed to contain hESC-CM embedded in 

a three-dimensional (3D) matrix for monitoring cell differentiation over time was created 

as shown in Figure 24.  However, the collected data for this report was on a two-

dimensional (2D) gelatin surface. 

The timeline for imaging hESC-CM is shown in Figure 22.  As detailed above, 

undifferentiated clone H9 hESC were maintained on top of an inactivated MEF feeder 

layer with media containing 8 ng/ml hFGF.  To initiate differentiation, hESC were 

transferred to ultra-low attachment culture dishes without hFGF to promote embryoid 

body (EB) formation.  To promote cardiac differentiation, 8 day old EBs were transferred 

to dishes coated with 0.1% gelatin.  On Days 21, 23, 25, and 27, video microscopy of a 

single cardiomyocyte (CM) contracting colony was performed with a Leica DMIL 

inverted microscope, a temperature and gas controlled environmental chamber, a 

QImaging Retiga 2000R high speed digital CCD camera, and QCapture Pro 5.1 image 

acquisition software.  AVI videos were taken at 30-34 frames per second at 150-300 

frames per video and analyzed with custom-designed LabView 8.0 Virtual 

Instrumentation (VI) edge-detection analysis software as described above.  Edge 

detection was used to assess CM contraction rate and amplitude. 
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Figure 22: Cardiomyocyte Imaging Timeline.  Undifferentiated clone H9 human 
embryonic stem cells (hESC) were maintained on top of an inactivated 
murine embryonic fibroblast (MEF) feeder layer with media containing 8 

ng/ml hFGF.  To initiate differentiation into cardiomyocytes (CM), hESC 

were transferred to ultra-low attachment culture dishes without hFGF to 
promote embryoid body (EB) formation.  To promote cardiac 
differentiation, 8 day old EBs were transferred to dishes coated with 0.1% 
gelatin.  On Days 21, 23, 25, and 27, video microscopy of a single CM 
contracting colony was performed with a Leica DMIL inverted microscope, 
a temperature and gas controlled environmental chamber, a QImaging 
Retiga 2000R high speed digital CCD camera, and QCapture Pro 5.1 image 
acquisition software.  Audio-visual interleaved (AVI) videos were taken at 
34 frames per second at 150-300 frames per video and analyzed with 
custom-designed LabView 8.0 Virtual Instrumentation (VI) edge-detection 
analysis software.  Edge detection was used to assess CM contraction rate 

and amplitude. (hFGF=human basic fibroblast growth factor, 
CCD=charge-coupled device) 
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Chapter 4.  Results 

 

IMAGE AND VIDEO ACQUISITION HARDWARE 

A bioreactor system containing hardware and software for imaging was developed 

to assess the effect of bioreactor-delivered stimuli on hESC-CMs.  The software control 

for controlling the bioreactor and imaging hardware is shown in Figure 23.  The 

bioreactor was engineered to control thermal, biochemical, electrical, and mechanical 

stimuli.  The relationship of the imaging system to the bioreactor is highlighted in the 

black dashed circle. 

Figure 23: Screenshot of Bioreactor Control Software.  An imaging system was 
developed to assess the effect of bioreactor-delivered stimuli on human 
embryonic stem cell-derived cardiomyocytes (hESC-CMs).  The bioreactor 
was engineered to control thermal, biochemical, electrical, and mechanical 
stimuli.  The relationship of the imaging system to the bioreactor is 
highlighted in the black dashed circle. 

Imaging 

System
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An additional culture chamber designed to contain hESC-CM embedded in a 

three-dimensional (3D) matrix for monitoring cell differentiation over time was created 

as shown in Figure 24.  However, the collected data for this report was on a two-

dimensional (2D) gelatin surface. 

The position of the chamber is shown as part of the bioreactor system in the 

previous figure.  Note the provisions for mechanical (flow) and electrical (anode and 

cathode) stimulation.  The position of the digital camera allows for continuous 

monitoring of hESC-CM within the chamber. 

Figure 24: Camera Relation to Culture Chamber.  A culture chamber containing human 
embryonic stem cell-derived cardiomyocytes (hESC-CM) embedded in a 
three-dimensional (3D) matrix for monitoring cell differentiation over time 
was created.  This chamber is shown as part of the bioreactor system in the 
previous figure.  Note the provisions for mechanical (flow) and electrical 
(anode and cathode) stimulation.  The position of the digital camera allows 
for continuous monitoring of hESC-CM within the chamber. 

As shown in Figure 25, live-cell imaging allows monitoring of viability, growth, 

and functional changes.  A digital camera, bioreactor chamber, gas delivery, and heaters 

comprise the bioreactor imaging system. 
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Figure 25: Imaging System.  Live-cell imaging allows monitoring of viability, growth, 
and functional changes.  A digital camera, bioreactor chamber, gas delivery, 
and heaters comprise the bioreactor imaging system. 

 

IMAGE AND VIDEO ACQUISITION SOFTWARE 

QImaging QCapture Pro 5.1 image acquisition software was used to acquire 

short-term time-lapse (video) of hESC-CM.  The software settings for videos were as 

follows:  4 x 4 binning, 33 msec exposure time, 30 fps, 150-300 total frames, 5-10 sec 

duration, 400 x 300 pixels/frame, 8 bit grayscale/frame, 50-200x total magnification, 

HMC contrast, and AVI video file format. 

National Instruments Vision 8.0 was used to acquire short-term time-lapse (video) 

of strained silicone tubes for validation and calibration of our custom-made video 

analysis software.  The software settings for videos were as follows:  4 x 4 binning, 33 

msec exposure time, 30 fps, 150-300 total frames, 5-10 sec duration, 400 x 300 

pixels/frame, 8 bit grayscale/frame, 0.75-5.25x total magnification, and AVI video file 

format. 
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IMAGE AND VIDEO PLAYBACK SOFTWARE 

The custom-made image and video playback system shown in Figure 26 is simple 

software for obtaining immediate feedback on image, frame, and video quality.  The 

graphical user interface (GUI) allows the user to open any locally or network stored AVI 

video file.  The user may adjust the video frame rate to slow down or speed up the video.  

Upon user activation of the stop button, the video playback system stops playing the 

video and closes the AVI video file.  A screenshot of a video showing a contracting 

hESC-CM colony is demonstrated in Figure 26. 

 

Figure 26: Screenshot of Image and Video Playback Software.  The video playback 
system is simple software for obtaining immediate feedback on image, 
frame, and video quality.  The graphical user interface (GUI) allows the user 
to open any locally or network stored audio-visual interleaved (AVI) video 
file.  The user may adjust the video frame rate to slow down or speed up the 
video.  Upon user activation of the stop button, the video playback system 
stops playing the video and closes the AVI video file.  A video of a 
contracting human embryonic stem cell-derived cardiomyocyte (hESC-CM) 
colony is shown here. 
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IMAGE AND VIDEO ANALYSIS SOFTWARE 

The custom-made image and video analysis system shown in Figure 27 is a 

system for calculating distance changes along a user-defined region of interest (ROI) line 

by using a simple edge detection algorithm. 

Figure 27: Screenshot of Image and Video Analysis Software.  The video analysis 
system is custom software for calculating distance changes along a user-
defined region of interest (ROI) line by using a simple edge detection 
algorithm. The graphical user interface (GUI) allows the user to open any 
locally or network stored audio-visual interleaved (AVI) video file.  The 
user may adjust the video frame rate to slow down or speed up the video.  
The user draws a ROI line on the video to show a ROI profile.  The edge 
detection parameters are adjusted to display the edge coordinates along the 
ROI.  The distance changes between the edge coordinates are automatically 
calculated and displayed.  The user has the option to save this data to file.  
Upon user activation of the stop button, the video playback system stops 
repeatedly playing the video and closes the AVI video file.  A video of a 
contracting human embryonic stem cell-derived cardiomyocyte (hESC-CM) 
colony is shown here. 
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The GUI allows the user to open any locally or network stored AVI video file.  

The user may adjust the video frame rate to slow down or speed up the video.  The user 

draws a ROI line on the video to show a ROI profile.  The edge detection parameters are 

adjusted to display the edge coordinates along the ROI.  The distance changes between 

the edge coordinates are automatically calculated and displayed.  The user has the option 

to save this data to file.  Upon user activation of the stop button, the video playback 

system stops playing the video and closes the AVI video file.  A screenshot of a video 

showing a contracting a hESC-CM colony is demonstrated in Figure 27. 

 

DATA STORAGE 

Figure 28 shows the number of images necessary to image the entire growth area 

of one well and all wells for culture plates of various well numbers. The number of 

images necessary to image the growth area of each well of an n-well plate decreases as n 

increases as shown in Figure 28, Part (A).  The number of images necessary to image all 

the wells of a n-well plate generally decreases as n increases, except when n=384 as 

shown in Figure 28, Part (B).  An 800 x 600 pixel image was used for calculation 

purposes. 

Figure 29 shows the memory necessary to image the entire growth area of one 

well and all wells for culture plates of various well numbers.  The memory necessary to 

image the growth area of each well of an n-well plate decreases as n increases, as shown 

in Figure 29, Part (A).  The memory increases as the image resolution and color depth 

increases.  The memory necessary to image all the wells of a n-well plate generally 

decreases as n increases, except when n=384 as shown in Figure 29, Part (B). The 

memory increases as the image resolution and color depth increases. 
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Figure 28: Number of Images Necessary for Various Culture Plate Areas.  (A)  The 
number of images necessary to image the growth area of each well of an n-
well plate decreases as n increases.  (B)  The number of images necessary to 
image all the wells of a n-well plate generally decreases as n increases, 
except when n=384.  A 800 x 600 pixel image was used for calculation 
purposes. 

Figure 29: Memory Necessary for Images of Various Culture Plate Areas.  (A)  The 
memory necessary to image the growth area of each well of an n-well plate 
decreases as n increases.  The memory increases as the image resolution and 
color depth increases.  (B)  The memory necessary to image all the wells of 
an n-well plate generally decreases as n increases, except when n=384. The 
memory increases as the image resolution and color depth increases.  
(GB=gigabyte) 

A B

A B
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Figure 30 shows the memory necessary to acquire videos of the entire growth area 

of one well and all wells for culture plates of various well numbers. The memory 

necessary to take videos is approximately 6x of that for images (see the previous Figure 

29).  The memory necessary to take videos of the growth area of each well of a n-well 

plate decreases as n increases as shown in Figure 30, Part (A).  The memory necessary to 

take videos of all the wells of a n-well plate generally decreases as n increases, except 

when n=384 as shown in Figure 30, Part (B). 

Figure 30: Memory Necessary for Videos of Various Culture Plate Areas.  The 
memory necessary to take videos is approximately 6x of that for images (see 
previous figure).  (A)  The memory necessary to take videos of the growth 
area of each well of an n-well plate decreases as n increases.  (B)  The 
memory necessary to take videos of all the wells of an n-well plate generally 
decreases as n increases, except when n=384.  (GB=gigabyte) 

Figure 31 shows the memory necessary for long-term image and video 

acquisition. Over twenty-eight (28) days, the total memory required for long-term image 

acquisition (800 x 600 pixels, 8 bit grayscale) increases linearly to over 20 gigabytes 

(GB) as shown in Figure 31, Part (A).  Over the same period, the total memory required 

for long-term video acquisition (400 x 300 pixels, 8 bit monochrome, 30 fps, 300 frames, 

10 sec duration) increases linearly to 1.5 terabytes (TB), almost 75 times that required for 

BA
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image storage as shown in Figure 31, Part (B).  The surface area of a 24-well culture 

plate was used for calculation purposes. 

Figure 31: Memory Necessary for Long-term Image and Video Acquisition.  (A)  Over 
twenty-eight (28) days, the total memory required for long-term image 
acquisition (800 x 600 pixels, 8 bit grayscale) increases linearly to over 
twenty (20) gigabytes.  (B)  Over the same period, the total memory 
required for long-term video acquisition (400 x 300 pixels, 8 bit grayscale, 
30 fps, 300 frames, 10 sec duration) increases linearly to 1.5 terabytes, 
almost 75 times that required for image storage.  The surface area of a 24-
well culture plate was used for calculation purposes.  (GB=gigabyte, 
TB=terabyte, fps=frames per second) 

 

STRETCHABLE SILICONE TUBING IMAGING 

The image and video analysis system was tested on its ability to calculate the 

relative strains of different formulations of silicone tubing over a range of pressures as 

shown in Figure 32.  The tubing tested, in order of increasing elasticity were as follows:  

1)  Tygon 3350 tubing; 2) custom tubing made from Smooth-On Smooth-Sil 920 

silicone; and (3) custom tubing made from Smooth-On Dragon Skin.  Screen shots of 

these tubing types are shown in Figure 32, Parts (A), (B), and (C), respectively. 

Tubing strain increase was proportional to the elasticity of the tubing and the 

applied pressure.  As shown in Figure 33, Part (A), the strain for the Tygon 3350 tubing 

A B
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ranged from 0.6 to 1.6% for applied pressures ranging from 125 to 250 mmHg.  As 

shown in Figure 33, Part (B), the strain for the custom tubing made from Smooth-On 

Smooth-Sil 920 silicone ranged from approximately 2.5 to 8.5% for applied pressures 

ranging from 50 to 200 mmHg.  As shown in Figure 33, Part (C), the strain for the 

custom tubing made from Smooth-On Dragon Skin silicone ranged from approximately 

5-15% for applied pressures ranging from 50 to 200 mmHg.  Finally, as shown in Figure 

33, Part (D), at 125 mmHg the strain was proportional to the elasticity of the tubing 

shown in (A), (B), and (C). 

Figure 32: Video Frames of Strained Silicone Tubing.  The video analysis system was 
initially tested on its ability to calculate the relative strains of different 
formulations of silicone tubing over a range of pressures.  The tubing tested, 
in order of increasing elasticity were as follows:  (1)  Tygon 3350 tubing; 
(2) custom tubing made from Smooth-On Smooth-Sil 920 silicone; and (3) 
custom tubing made from Smooth-On Dragon Skin.  Screen shots of these 
tubing types are shown in Parts (A), (B), and (C), respectively. 
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Figure 33: Silicone Tubing Strain.  Tubing strain increase was proportional to the 
elasticity of the tubing and the applied pressure.  (A) The strain for the 
Tygon 3350 tubing ranged from 0.6 to 1.6% (125-250 mmHg).  (B) The 
strain for the custom tubing made from Smooth-On Smooth-Sil 920 silicone 
ranged from approximately 2.5 to 8.5% (50-200 mmHg).  (C) The strain for 
the custom tubing made from Smooth-On Dragon Skin silicone ranged from 
approximately 5-15% (50-200 mmHg).  (D) At 125 mmHg the strain was 
proportional to the elasticity of the tubing shown in (A), (B), and (C). 

 

HUMAN EMBRYONIC STEM CELL CULTURE AND IMAGING 

Spontaneously contracting hESC-CM appeared as clusters in outgrowths from the 

EBs after Day 16 of differentiation.  By video microscopy analysis as shown in Figure 

34, on Days 21-27, contraction rate decreased by approximately 50% (0.5 Hz down to 

0.25Hz), which agreed with observational results.  By video analysis, on Days 21, 23, and 

-5

0

5

10

15

20

0.0 0.5 1.0 1.5 2.0 2.5 3.0

St
ra

in
 (%

)

Time (sec)

More Elastic Tube Strain

50 mmHg

100 mmHg

125 mmHg

150 mmHg

200 mmHg

-5

0

5

10

15

20

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

St
ra

in
 (%

)

Time (sec)

Most Elastic Tube Strain

50 mmHg

100 mmHg

125 mmHg

150 mmHg

200 mmHg

-5

0

5

10

15

20

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

St
ra

in
 (%

)

Time (sec)

Tygon 3350 Tube Strain

125 mmHg

250 mmHg

-5

0

5

10

15

20

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

St
ra

in
 (%

)

Time (sec)

Various Tube Strains at 125mmHg

Tygon 3350 Tube

More Elastic Tube

Most Elastic Tube

A B

C D



 
 

54 

25, contraction amplitude decreased and then increased on Day 27.  Assessment of 

contraction amplitude could only be assessed by this method and not by observation 

alone.  The video resolution was ~3 micrometers per pixel and the maximum observed 

contractions were ~60 micrometers 

Figure 34: Video Analysis of Stem Cell-Derived Cardiomyocytes.  Spontaneously 
contracting human embryonic stem cell-derived cardiomyocytes (hESC-
CM) appeared as clusters in outgrowths from the embryoid bodies (EBs) 
after Day 16 of differentiation.  By video microscopy analysis, on Days 21-
27, contraction rate decreased by approximately 50%; this agreed with 
observational results.  By video analysis, on Days 21, 23, and 25, 
contraction amplitude decreased and then increased on Day 27.  Assessment 
of contraction amplitude could only be assessed by this method and not by 
observation alone.  The video resolution was ~3 micrometers per pixel and 
the maximum observed contractions were ~60 micrometers. 
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Chapter 5.  Discussion 

 

IMAGE AND VIDEO ACQUISITION HARDWARE 

Our image and video acquisition hardware consists of a QImaging digital CCD 

camera, a Leica microscope, and a Thales-Optem microscope.  These hardware 

components are combined with a custom-made bioreactor to create a bioreactor imaging 

system for characterizing hESC-CM and hESC-CM engineered cardiovascular tissues. 

The primary considerations for choosing a camera are resolution, sensitivity, and 

speed; resolution and sensitivity are inversely related to speed.
21,78,79

  Related to 

sensitivity and speed are choosing a monochrome or color camera.  The increased time 

for a camera to produce onboard color images reduces speed, and to a lesser degree, 

sensitivity. 

The choice of resolution depends on the application.  For static images or low 

frame rate applications (e.g. long-term time-lapse) in white light, high resolution can be 

achieved since the camera is not limited by exposure times.  However, for video and 

other high frame rate applications, resolution usually must be sacrificed in order to 

achieve low exposure times necessary to produce video-quality frame rates.
80

 

A secondary consideration for choosing a camera is cost.  The cost is related to 

resolution, sensitivity, and speed, as discussed above, and can range from hundreds to 

many thousands of dollars.  A list of camera resources can be found in Appendix I:  

Camera Resources. 

The primary considerations for choosing a microscope are many; hardware 

consists of the components needed for the various microscopy techniques, objectives, the 



 
 

56 

specimen under inspection, microscope stand, stage, specimen holder, culture chambers, 

incubators, light sources, fluorescence filter sets, condenser, eyepieces, camera(s), and 

computer. 

   For most cellular imaging applications, inverted microscopes are chosen over 

upright types, as the objectives in an inverted type can be brought closer to the specimen.  

This allows for high magnification objectives to be used since the specimen can be 

brought within the working distance of the objective. 

The primary consideration for any microscope is the optics.  In general, as cost 

allows, the choice of objectives with high NAs and correction for field curvature artifacts, 

spherical aberration, and chromatic aberration is recommended.
21,78-81

 

 

IMAGE AND VIDEO ACQUISITION SOFTWARE 

The commercially available software QImaging QCapture Pro 5.1 and National 

Instruments Vision 8.0 was used to obtain video of hESC-CM and strained silicone tubes, 

respectively.  However, either software could have been exclusively used in the 

bioreactor imaging system, as they provided the same features. 

Considerations for choosing image and video acquisition software include the 

ability to perform image acquisition, image processing, color processing, grayscale 

processing, binary processing, measurements, and image archiving.
78,79

 

A list of camera resources can be found in Appendix K:  Imaging Software 

Resources 
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IMAGE AND VIDEO PLAYBACK SOFTWARE 

The custom-made image and video playback software is a simple system for 

obtaining immediate feedback on image, frame, and video quality and was developed 

with National Instruments Vision 8.0 and LabView 8.0.  Our custom-made playback 

software can be used to quickly assess the characteristics of contracting hESC-CM and 

can be operated independently of the image and video acquisition software described 

above.  An advantage of this custom-made playback software is that archived AVI video 

files can be viewed offline, thus freeing the acquisition software for obtaining 

simultaneous video from online experiments. 

  

IMAGE AND VIDEO ANALYSIS SOFTWARE 

The custom-made image and video analysis software is a system for calculating 

distance changes along a user-defined region of interest (ROI) line by using a simple 

edge detection algorithm and was also developed with National Instruments Vision 8.0 

and LabView 8.0.  This custom-made analysis software can be used to quantitatively 

assess the contracting frequency and amplitude of contracting hESC-CM.  Recently a 

similar software system has been demonstrated for the assessment of mouse embryonic 

stem cell-derived cardiomyocytes (mESC-CM).
82

 

  

DATA STORAGE 

Data storage and retrieval of images and videos is an important consideration 

when developing an imaging system.   Our results demonstrate that approximately 10 GB 

of hard disk space is required to image the entire growth area of 6-well to 96-well plates 
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at a modest total magnification of 50x.  Images obtained in this fashion would be stitched 

together in a mosaic to visualize the entire growth area of individual wells. 

Our results also demonstrate that approximately 60 GB of hard disk space is 

required to acquire videos of the entire growth area of the same multi-well plates at the 

same total magnification.  Storing videos represents a 6x increase over storing images.  

Based on these calculations, for a 24-well culture plate, the total memory necessary for 

28 days of video acquisition, at a frequency of one video per day, is approximately 1.5 

TB. 

As our imaging system is applied to high-throughput data acquisition in the future 

to assess large cultures of differentiating hESC-CM, accommodation for large amounts of 

data storage and data mining will have to be made, as highlighted by others.
79,81

 

 

STRETCHABLE SILICONE TUBING IMAGING 

The image and video analysis system was validated on its ability to calculate the 

relative strains of different formulations of silicone tubing over a range of physiological 

pressures.  Our results showed that tubing strain increase was proportional to the 

elasticity of the tubing and the applied pressure.  The ability to non-invasively and in 

real-time assess strains and motion will be important in future efforts to monitor and 

direct cellular growth and differentiation as has been done in other systems.
21,78-80,82-87

 

 

HUMAN EMBRYONIC STEM CELL CULTURE AND IMAGING 

As mentioned above, recently software was developed for video analysis of 

beating frequencies, drug-induced chronotropic effects, and quantification of beating 

areas of contracting mESC cultures.
82

  Like this system, our system performs automated 
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video analysis of beating frequencies and areas of contracting ESC-CM cultures, which is 

a significant novelty.  However, we have not yet compared our data to results obtained by 

extracellular electric field potential recordings, as was done in their study.  Their 

comparison demonstrated higher sensitivity to chronotropic effects of the -adrenoceptor 

agonist isoprenaline, and hence implied that more ESC underwent differentiation into 

isoprenaline responding CMs.  Like their study, our image and video analysis method 

may have potential for screening and identifying both adverse and beneficial cardiac 

drugs.
78,88
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Chapter 6.  Conclusions 

 

CONCLUSIONS AND FUTURE WORK 

This report has described the development of a bioreactor imaging system for 

characterizing hESC-CMs.  The bioreactor imaging system allows for live-cell imaging 

and therefore provides for non-invasive, non-destructive assessment of hESC-CM 

characteristics such as contraction rate and amplitude.  As the imaging system is applied 

to high-throughput data acquisition in the future to assess large cultures of differentiating 

hESC-CM, accommodation for large amounts of data storage in the terabyte range will 

have to be made.  The ability to non-invasively and in real-time assess motion will be 

important in future efforts to determine how different bioreactor biochemical, electrical, 

and mechanical stimuli direct hESC-CM growth and differentiation. 

One limitation of the imaging system described in this report is that changes in 

contraction rate and amplitude are determined along a user-drawn ROI line which 

introduces bias into the contraction measurements.  Future efforts are being directed into 

developing a system that determines percent area contraction changes of hESC-CM 

colonies.  In this way, contraction characteristics will be more accurately determined, 

especially in colonies that contract asymmetrically. 

  Other future work involves incorporating an automated x-y stage into the system 

for automated mosaic imaging (see Appendix L:  Automated Microscope Stage 

Resources).  In this type of system, multiple images and videos will be stitched together 

in a mosaic to fully assess differentiating cultures temporally and spatially in individual 
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and/or all wells of multi-well plates.
89

  This will enable non-invasive monitoring of whole 

hESC-CM cultures as shown in Figure 35.   

In addition, automated fluorescence imaging is being incorporated into the present 

system to allow for non-invasive tracking of fluorescence reporters such as blue 

fluorescent protein (BFP), green fluorescent protein (GFP), and red fluorescent protein 

(RFP).  These fluorescent reporters may be coupled to stage-specific differentiation 

makers of hESC-CM, and thus their appearance can be tracked with time-lapse 

microscopy to assess differentiation efficiency and specificity under various bioreactor 

culture conditions.
90

 

Finally, future work is being aimed at monitoring the temporal and spatial 

organization of hESC-CM derived cardiovascular tissue grafts with the bioreactor 

imaging system.  The ability to engineer a cardiovascular tissue graft could potentially 

open the door to improved and unprecedented cardiovascular therapies. 

Figure 35: Automated Mosaic Imaging.  For automated mosaic imaging, multiple 
images and videos will be stitched together in a mosaic to fully assess 
differentiating cultures temporally and spatially in individual and total wells 
of multi-well plates. 
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Appendix A:  QImaging Camera Specifications 

 

Feature Specification 

General  

Company QImaging 

Model Retiga 2000R Color Cooled 

  

Specific  

Charge Coupled Device (CCD) Sensor  

Pixels 1600 x 1200 (1.92 million) 

Binning Modes 2x2, 4x4, 8x8 

Region of Interest (ROI) 1x1 pixels to 1600 x 1200 pixels 

Exposure/Integration Control 10μs to 17.9min in 1μs increments 

Sensor Type Kodak KAI-2020 progressive scan interline CCD 

Pixel Size 7.4μm x 7.4μm 

Quantum Efficiency 55% @ 500nm 

Cooling Type Peltier thermoelectric cooling to 25°C below ambient 

Digital Output 12 bits 

Readout Frequency 20, 10, 5, 2.5 MHz 

Frame Rate 
10fps full resolution @ 12 bits (190 fps maximum 
with binning and ROI functions) 

Operating Systems Windows and Mac OS 

Digital Interface IEEE 1394 FireWire 

Sustained Image Data Rate 40MB/s 

Shutter Control Electronic, no moving parts 

External Trigger TTL Input 

Trigger Types Internal, Software, External 

External Sync TTL Output 

Gain Control 0.451 to 21.5x 

Offset Control -2048 to 2047 
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Feature Specification 

Optical Interface 1”, C-mount 

Thread Mount ¼” – 20 mount 

Power Requirements 11W (non-cooled); 17W (cooled) 

Weight 845g 

Operating Environment 0 to 50°C (32 to 122°F) 

Storage Temperature -10 to 60°C 

Humidity Less than 80% non-condensing at 35°C 
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Appendix B:  Leica Microscope Specifications 

 

Feature Specification 

General  

Company Leica 

Model DM IL 

  

Specific  

Type Inverted 

Phototube 
45° beam splitter for  0/100% and 100/0% visual port/photo port 
viewing 

Eyepieces (x2) 10x/20 (magnification/field of view in mm) 

Condenser 
0.35 Numerical aperture (NA) S55 with long free working distance of 
55mm 

Power Supply 100W Mercury (Hg) 

Objectives N PLAN 2.5x, 0.07 NA (Planachromat) 

 HI PLAN 4x, 0.10 NA (Homogenous Immersion) 

 N PLAN 5x, 0.12 NA, PH0 (Planachromat) 

 HI PLAN 10x, 0.25 NA, PH1  (Homogenous Immersion) 

 C PLAN 20x, 0.30 NA, PH1 (Achromat) 

 C PLAN 40x, 0.50 NA, PH2 (Achromat) 

Filter cube Sets DAPI, Ex: 360/40, Em: 425 LP 

 FITC/EGFP, Ex: 480/40, Em: 535/50 

 Texas Red, Ex: 560/55, Em: 645/75 

Contrast Hoffman modulation contrast (HMC) 

 Phase contrast (Ph) 

Camera Mount C-mount adapter HC 1x for 1” TV cameras 

Stage Manual adjustment, 128 x 83 mm 

 Universal holding frame 
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Appendix C:  Thales-Optem Microscope Specifications 

 

Feature Specification 

General  

Company Thales-Optem 

Model Zoom 70XL 

  

Specific  

Type Machine vision 

TV Tube 1.0x TV tube 

Upper Zoom Module 70XL upper manual 

Lower Zoom Module Basic function 

Mounting 84mm o.d. TV tube clamp 

Lighting Mini-annular ring probe 

Power Supply Dolan-Jenner 150W halogen fiber optic 

Magnification 0.75x to 5.25x (1:7 ratio) 

Numerical Aperture 0.024 to 0.080 

Working Distance 89mm 

Stand Meiji Techno wide-surface stand 
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Appendix D:  Imaging Hardware Costs 

 

Item Cost 

QImaging Camera $7,500 

Leica Microscope $14,000 

Thales-Optem Microscope $2,500 

Total $24,000 
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Appendix E:  QImaging Software Specifications 

 

Feature Specification 

General  

Company QImaging 

Model QCapture Pro 5.1 

  

Specific  

Acquire  

 Camera, microscope, VCR, or scanner image acquisition 

 Standard image file format read/write (tiff, jpeg, bmp, tga) 

 Grayscale 8, 12, 16, or 32-bit format compatibility 

 Color palette, 24, 36, or 48-bit format compatibility 

 RGB, HSI, HSV, or YIQ color data manipulation 

 Area of Interest (AOI) feature extraction 

 Color or intensity value feature extraction with segmentation tools 

Sequence  

 Single frame acquisition 

 Video acquisition 

 Time-lapse acquisition 

 File merge 

 Frame cut, copy, delete 

 Frame paste, append, extract 

 Image merge 

 Frame difference 

 Frame average 

 Frame running average 

Enhance  

 Contrast enhancement 
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Feature Specification 

 Contrast inversion 

Process  

 Background correction 

 Filter application 

 Color channel 

 Color correction 

 Color composite 

 Pseudo-color 

 Grid mask 

Measure  

 Spatial calibration 

 Distance measurement 

 Histogram generation 

 Line profile generation 

 Surface plot generation 
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Appendix F:  National Instruments Software Specifications 

 

Feature Specification 

General  

Company National Instruments 

Model Vision 8.0 

  

Specific  

Image Acquisition  

 Single frame acquisition 

 Continuous acquisition 

 Triggered acquisition 

 Camera configuration functions 

 Triggered output functions 

 Save images (bmp, jpeg, png, tiff formats) 

 Save videos (AVI format) 

Image Processing  

 Nondestructive overlay functions 

 Coordinate system creation 

 Distortion calibration 

Color Processing  

 Color arithmetic operators 

 Color logical operators 

 Color plane extraction 

 Color thresholding functions 

 Color location functions 

 Color pattern matching 

 Color matching 

Grayscale Processing  
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Feature Specification 

 Lookup table functions 

 Image filters 

 Grayscale morphology 

 Fourier analysis 

 Grayscale thresholding functions 

 Image segmentation 

 Grayscale arithmetic operators 

 Grayscale logical operators 

Binary Processing  

 Basic morphology functions 

 Advanced morphology functions 

 Particle filter functions 

 Binary image inversion 

 Particle analysis 

 Shape matching 

 Circle detection 

Machine Vision  

 Edge detection 

 Straight edge detection 

 Circular edge detection 

 Gauging 

 Pattern matching 

 Geometric matching 

 Shape detection 

 Golden template comparison 

 Real-world measurements functions 

Identification  

 Optical character recognition (OCR) 

 Optical character verification (OCV) 

 Particle classification 
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Feature Specification 

 Barcode reader 

 Data matrix reader 

 PDF 417 code reader 

Utilities  

 LabVIEW VI generation 

 C code generation 

 Visual Basic code generation 

 Customizable user interface 

 Motion control integration 

 Data acquisition integration 

 Performance benchmarking 
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Appendix G:  Imaging Software Costs 

 

Item Cost 

QImaging QCapture Pro Software $200 

National Instruments Vision Software $3,300 

Total $3,500 
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Appendix H:  Imaging Total Hardware and Software Costs 

 

Item Cost 

Imaging Hardware $24,000 

Imaging Software $3,500 

Total $27,500 
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Appendix I:  Camera Resources 

 

Camera Resource Website 

Andor http://www.andor.com/ 

Apogee http://www.ccd.com/ 

Basler http://www.baslerweb.com/ 

Cooke http://www.cookecorp.com/ 

Diagnostic Instruments http://www.diaginc.com/ 

Digital Video Company (DVC) http://www.dvcco.com/ 

Hamamatsu http://www.hamamatsu.com/ 

Jenoptic Laser, Optik Systeme GmBH http://www.jenoptik.com/ 

Leica http://www.leica-microsystems.com/ 

Lumenera http://www.lumenera.com/ 

Motic http://www.motic.com/ 

Nikon http://www.nikoninstruments.com/ 

Olympus http://www.olympusamerica.com/index.asp 

Optronics http://www.optronics.com/ 

Photometrics/Roper Scientific http://www.photomet.com/ 

PixeLINK http://www.pixelink.com/ 

QImaging http://www.qimaging.com/ 

Scion http://www.scioncorp.com/ 

Sony http://bssc.sel.sony.com/BroadcastandBusiness/ 

Vision Research http://www.visionresearch.com/ 

Zeiss http://www.zeiss.com/ 

 

http://www.ccd.com/
http://www.ccd.com/
http://www.ccd.com/
http://www.baslerweb.com/
http://www.baslerweb.com/
http://www.baslerweb.com/
http://www.cookecorp.com/
http://www.diaginc.com/
http://www.dvcco.com/
http://www.hamamatsu.com/
http://www.jenoptik.com/
http://www.leica-microsystems.com/
http://www.lumenera.com/
http://www.motic.com/
http://www.nikoninstruments.com/
http://www.olympusamerica.com/index.asp
http://www.optronics.com/
http://www.photomet.com/
http://www.pixelink.com/
http://www.qimaging.com/
http://www.scioncorp.com/
http://bssc.sel.sony.com/BroadcastandBusiness/
http://www.visionresearch.com/
http://www.zeiss.com/
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Appendix J:  Microscope Resources 

 

Microscope Resource Website 

Andor http://www.andor.com/ 

Applied Precision http://www.api.com/index.html 

Leica http://www.leica-microsystems.com/ 

Meiji-Techno http://www.meijitechno.com/ 

Navitar http://navitar.com/ 

Nikon http://www.nikoninstruments.com/ 

Olympus http://www.olympusamerica.com/index.asp 

PerkinElmer http://www.perkinelmer.com/default.htm 

Sutter http://www.sutter.com/ 

Thales-Optem http://www.qioptiqimaging.com/Products/MachineVisionLenses/ 

ThorLabs http://www.thorlabs.com/ 

TILL Photonics http://www.till-photonics.com/index.php 

WITec http://www.witec-instruments.com/ 

Zeiss http://www.zeiss.com/ 

 

http://www.andor.com/
http://www.api.com/index.html
http://www.leica-microsystems.com/
http://www.meijitechno.com/
http://navitar.com/
http://www.nikoninstruments.com/
http://www.olympusamerica.com/index.asp
http://www.perkinelmer.com/default.htm
http://www.sutter.com/
http://www.qioptiqimaging.com/Products/MachineVisionLenses/
http://www.thorlabs.com/
http://www.till-photonics.com/index.php
http://www.witec-instruments.com/
http://www.zeiss.com/
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Appendix K:  Imaging Software Resources 

 

Imaging Software Resource Website 

Bitplane AG (Imaris) http://www.bitplane.com/ 

CellProfiler (CellProfiler) http://www.cellprofiler.org/ 

CellSegmenter (CellSegmenter) http://arep.med.harvard.edu/QMS/ 

Compix (SimplePCI) http://cimaging.net/ 

Improvison (Volocity) http://www.improvision.com/ 

MathWorks (MATLAB) http://www.mathworks.com/ 

MediaCybernetics (Image-Pro) http://www.mediacy.com/ 

Molecular Devices (Metamorph) http://www.moleculardevices.com/ 

National Instruments (LabVIEW Vision) http://www.ni.com/vision/ 

NIH (ImageJ) http://rsb.info.nih.gov/ij/ 

Nikon (NIS-Elements) http://www.nikoninstruments.com/ 

Norpix (Streampix) http://www.norpix.com/ 

QImaging (QCapture Pro) http://www.qimaging.com/ 

Scanalytics (IPLab) http://www.scanalytics.com/ 

TGS, Visual Concepts (Amira) http://www.tgs.com/ 

 

http://www.bitplane.com/
http://www.cellprofiler.org/
http://arep.med.harvard.edu/QMS/
http://cimaging.net/
http://www.improvision.com/
http://www.mathworks.com/
http://www.mediacy.com/
http://www.moleculardevices.com/
http://www.ni.com/vision/
http://rsb.info.nih.gov/ij/
http://www.nikoninstruments.com/
http://www.norpix.com/
http://www.qimaging.com/
http://www.scanalytics.com/
http://www.tgs.com/
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Appendix L:  Automated Microscope Stage Resources 

 

Automated Microscope Stage Resource Website 

Danaher http://www.danahermotion.com/ 

Ludl http://www.ludl.com/ 

Marzhauser http://www.marzhauser.com/ 

Newport http://newport.com/ 

Prior http://www.prior.com/ 

Semprex http://www.semprex.com/ 

Thorlabs http://www.thorlabs.com/ 

 

http://www.danahermotion.com/
http://www.ludl.com/
http://www.marzhauser.com/
http://newport.com/
http://www.prior.com/
http://www.semprex.com/
http://www.thorlabs.com/
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